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Abstract
A new boson with a mass of 125 GeV was discovered at the large hadron collider (LHC)
in July 2012. The properties of this particle are so far consistent with the standard model
(SM) expectation. Differences in the Higgs boson decay rates and predicted by the SM
might indicate the presence of new particles and forces between them. Particularly, rare
exclusive decays of the Higgs boson are a promising laboratory to study physics beyond the
standard model. Searches for decays of the Higgs boson into a Z boson and a J/ψ meson
or into pairs of J/ψ or Υ mesons are performed for using a proton proton collision data set
collected by the compact muon solenoid (CMS) experiment at the LHC at a center of mass
√
energy of s = 13 TeV that corresponds to an integrated luminosity of about 137 fb−1 . This
class of rare Higgs boson decays can challenge the SM of particle physics. The branching
fraction of these decays can be enhanced by the beyond SM particles or phenomena such that
they could be observed in the LHC. Higgs decay candidate events with Z bosons decaying
into an electron or muon pair, or with quarkonium resonances decaying into muon pairs are
selected using online event filters. Longitudinal polarization is expected for the Z boson and
assumed for the decay mesons. As different polarization states affect the signal acceptance,
scenarios with uniform and transverse polarization are considered. No significant excess is
observed, and therefore upper limits at 95% confidence level are placed on the branching
fractions of these decays. The observed upper limit branching fractions at 95% CL for the
Higgs boson decaying into the final states under investigation range from 10−4 to 10−3 . The
decay of the Z boson into J/ψ or Υ pairs is also searched for and found to be 10.8 × 10−7
for Z → J/ψJ/ψ and 3.9 × 10−7 for Z → Υ(nS)Υ(mS) (n, m = 1, 2, 3). Furthermore, higher
mass quarkonium decays are included in the searches via their inclusive decay into the
reconstructed ground state quarkonia. The high luminosity LHC is expected to reach Higgs
v

boson decay branching fraction upper limits at values of about 10−5 , about factors of 1 to
10 above the SM predictions, but expected by several extension of the SM.
Luminosity measurements are crucial for the physics program of the CMS experiment.
The pixel luminosity telescope (PLT) provides input for integrated luminosity and real-time
feedback on instantaneous luminosity. The instrument must maintain stable operational
conditions over a long time period. This stability can be monitored with the measured
position of the collision points or beamspot. From the raw data collected by the PLT, tracks
are reconstructed from hits in the three silicon detector planes. Corrections for the alignment
of the planes within the telescopes are applied. These tracks are extrapolated to the center
of the CMS detector to obtain an estimate of the beamspot position. This beamspot position
remained within a radius of 300 µm for most of the proton proton collisions recorded during
the year 2016. Beamspot positions outside this circle are used as indicators for adverse beam
conditions.
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Background
Particle physicists aim to understand the building blocks of our universe and their
interactions. They have formulated the standard model (SM), a unified theory to describe
almost all fundamental particles and their properties [120, 127].

While this model is

successful at energies accessible with past accelerators, tests on many open questions and
predictions beyond electroweak scales require a more powerful accelerator. For this purpose,
the largest synchrotron-type accelerator in the world was built at European Council for
Nuclear Research (CERN)-the Large Hadron Collider (LHC) [118].
In the SM, particles acquire masses via electroweak symmetry breaking, which predicts
a new boson known as the Higgs boson (H) [99]. A new boson with a mass of 125 GeV was
discovered by a toroidal LHC apparatus (ATLAS) and the compact muon solenoid (CMS)
Collaborations at the CERN LHC in 2012 [21, 22, 57, 58, 109, 23, 41]. Comprehensive studies
in various decay channels and production modes followed, and combined measurements from
the ATLAS and CMS showed that the properties of the new boson are so far consistent with
expectations for the SM Higgs boson [40, 41, 135]. After observation of the Higgs boson,
efforts in the scientific community quickly shifted towards precision measurements. Although
the study of decay channels is crucial for the verification of SM predictions, most of them are
still out of reach due to small signal expectations and high background contributions. Rare
exclusive decays of the Higgs boson into mesons provide experimentally clean final states
to study couplings to quarks, and deviations from decay rates predicted by the SM might
indicate physics beyond the SM (BSM) [65].
The LHC was designed for hunting the Higgs boson and for accessing physics beyond
the SM directly at higher energies or indirectly via rare occurrences. So far, the LHC has
delivered an integrated luminosity (see Sec. 3.1.1) of up to 900 pb−1 per day. During the Run
1

2 period of the LHC that took place during the years 2016 to 2018, the CMS detector recorded
an integrated luminosity of about 137 fb−1 . This corresponds to the inclusive production
of more than 7.5 million Higgs bosons. The CMS experiment can reconstruct more than
one-fourth of the Higgs bosons that decay into leptonic final states. Leptons of interest here
originate from intermediate Higgs decay products with relative di-lepton branching fractions
of 3 − 5%. Hence, it is expected that the branching fractions of the Higgs boson decay into
four leptons can be measured down to values of 10−4 with the present data sample.
This thesis presents the search for the Higgs boson decays into a Z boson and a J/ψ
meson or into pairs of J/ψ or Υ mesons using data collected by the CMS experiment at
√
the LHC at s = 13 TeV that corresponds to an integrated luminosity of about 137 fb−1 .
The study of these channels is sensitive to the BSM related to the Higgs coupling to bottom
and charm quarks (Yukawa couplings) [132]. Furthermore, the background studies in these
rare Higgs boson channels benefit future rare decay searches with the high luminosity LHC
(HL-LHC), and contribute to the study of the decay H → ZZ∗ .
In addition to the rare decay analysis, this thesis presents detector performance studies.
A dedicated detector that measures the luminosity of the proton collisions at the LHC
is a pixel luminosity telescope (PLT) detector. This detector has two main purposes: it
measures the instantaneous luminosity for each proton bunch crossing of the LHC beams
providing real-time feedback for the optimization of the LHC machine, and in combination
with measurements from other instruments provides the integrated luminosity for all data
analyses. Hence, the instrument must maintain stable operational conditions over a long
period of time. The long-term stability of the detector acceptance can be monitored with the
measured position of the collision points or beamspot. This analysis describes the technique
used to reconstruct the beamspot and its properties during the 2016 LHC data taking.
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Chapter 1
Introduction
This chapter describes the standard model (SM) of particle physics: fundamental features
of the electromagnetic, strong, and electroweak interactions, and the Higgs mechanism. The
rare decay searches indirectly probe new physics independently of specific BSM theories.
I have presented a sample of BSM models such as supersymmetric models that predict
modifications of branching fractions of the rare decays.

In addition, the Higgs boson

production and decay are discussed. I have given a short review of recent progress in the
measurement of the Higgs Yukawa couplings. Finally, I have elaborated on the current status
of the rare decays searches related to H → ZJ/ψ and quarkonium pairs at LHC.

1.1

The Standard Model

The SM of particle physics [120, 127] is a quantum field theory that describes the interaction
between elementary particles with three out of four fundamental forces: the electromagnetic,
weak, and strong force, but not gravity. The SM includes 12 elementary particles of spin
1/2, known as fermions. These are fundamental building blocks of hadronic matter (6 types
of quarks) and 3 types of leptons with corresponding neutrinos. All fermions are grouped
into three different families (generation), differentiated only by mass. Each fermion has a
corresponding antiparticle of identical mass. In the SM, bosons mediate the fundamental
interactions between the fermions, the photons-the electromagnetic force, W± / Z bosons-the
weak force, and 8 different gluons-the strong force. The field associated with the Higgs boson
3

generates the masses of all known elementary particles. In the SM, Lagrangian densities
based on local gauge symmetry are defined to describe all the interactions of the particles.
The SM particles: fermions, force carrier bosons, and the Higgs boson is shown in Fig 1.1.
In this theory, a particle is described by the field ψ(x), where x denotes the 4 space-time
coordinates. The dynamics of the particles in the SM is determined by the invariance of the
Lagrangian under U(1) ⊗ SU(2) ⊗ SU(3) local gauge group transformation [127], by allowing
a space-time dependence of the phase transformation as shown in Equ. 1.1.
0

ψ(x) → ψ (x) = e−iα

A (x)TA

ψ(x)

(1.1)

where TA are generators of a particular group of transformation, A is the indices over all
dimensions of the group of transformation, and αA (x) is a coupling strength. The αA (x) is
not invariant under local gauge transformations as these result in non-vanishing derivative
terms of the Lagrangian. Additional terms in the Lagrangian density are introduced so
that the local gauge invariance is restored. These new terms correspond to force fields that
mediate the interaction.

1.1.1

Electromagnetic Interaction

The electromagnetic interaction describes the dynamics of the electrically charged particles.
This interaction is represented by the U(1) local gauge theory [127]. In this theory, a charged
fermion is described by the four-component Dirac spinors [85]. The local gauge invariance
introduces the vector fields that correspond to the electromagnetic potential. The additional
terms in the Lagrangian introduce the coupling between the fermion field and the vector
field mediated by the photon. The gauge invariance requires a massless photon.

1.1.2

Electro-Weak Interaction

The weak interaction is a SU(2) local gauge theory, which is invariant under gauge
transformation of the SU(2)L . Here, the index L refers to the left-handed symmetry group.
This theory leads to the conservation of the weak isospin charge (I): The left-handed fermions
are doublets of weak isospin charge I = 12 , and the right-handed fermions are singlets of weak
4

Figure 1.1: The standard model particles, categorized into fermions and bosons are shown.
Fermions are quarks and leptons, whereas bosons are gluons, photons, W± / Z bosons, and
the Higgs boson [1].

5

isospin charge I = 0. According to the Noether theorem [141, 55], the invariance of SU(2)L
transformations leads to the existence of three conserved isospin triplets of the weak current,
as shown in Equ. 1.2:
σi
0
jµi = ψ¯L γ µ ψL
2

(1.2)

where the σi (i = 1, 2, 3) are the Pauli matrices and γ µ (µ = 0, 1, 2, 3) are the Dirac gamma
matrices [97].
The first two currents (j1i and j2i ) include the flavor-changing features of the weak
interaction: raising and decreasing currents (eg: electron into neutrino and neutrino
into electron), given by jµ± (jµ1 ± ijµ2 ).

This current can connect the same generation

of particles (e.g.: electron and electron neutrino) in leptons, and can mix quarks from
different generations. Furthermore, the SU(2)L gauge bosons only couple to the left-handed
components of the fermion field, which agrees with the observed parity violation [147, 91].
The raising and lowering currents jµ± represent the weak charged current interactions
mediated by W± bosons. However, the remaining current j3i could not be identified as Z boson
as it contains both left and right components. Hence, the theory combining electromagnetic
and weak interaction was developed.
The theory of electroweak interaction is a U(1)⊗SU(2) local gauge theory, which is
invariant under gauge transformation of SU(2)L ⊗ U(1)Y symmetry group [93, 131, 145].
The symmetry group U(1)Y requires a new conserved current jµY , with isospin field Bµ , which
does not couple to the electric charge but rather to the weak hypercharge (Y). Nevertheless,
Y is related to the electric charge (Q) by the formula Y = 2(Q − I3 ) known as Gell-MannNishijima formula, where I3 is the 3rd component of weak isospin.
The theory of the electro-weak interaction had a problem: To maintain the gauge
invariance requires an infinite range of the forces which correspond to mass-less mediator
bosons. In contrast, the short range of the weak force depends on the massive W and Z
bosons, discovered in 1983 at the proton synchrotron accelerator of CERN [80]. The issue is
solved with the introduction of the Higgs field (described in Sec. 1.1.4).
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1.1.3

Strong Interaction

Quantum Chromo-Dynamics (QCD) is a non-abelian gauge theory based on the group SU(3)
that describes the strong interactions [34, 83]. The mediators of the interaction are eight
massless gluons and the elementary particles of matter are color triplets of quarks. Each
quark possesses a color charge that can have any of three values: red, green, and blue.
The energy dependence of the strong coupling constant αs [83] leads to two important
characteristics of the strong interactions: First, quarks and gluons can only be observed
as color singlets. This property is also known as color confinement. Second, the coupling
constant decreases with an increase in energy approaching zero asymptotically, which makes
quarks and gluons quasi-free particles.

1.1.4

Higgs Mechanism

To address the mass problem of the electroweak interaction, spontaneous symmetry breaking
is proposed [99]. If the ground state energy of the Lagrangian has a particular symmetry
and degenerate energy levels, the eigenstate will be unique and invariant. In this case, one of
these degenerate states is arbitrarily preferred. Then, the symmetry of the Lagrangian is not
shared by the ground state. Hence, the symmetry is spontaneously broken. Requirement
of Lorentz and translational invariance demands the respective degenerate field to be a
scalar field, φ(x), with non zero vacuum expectation value (i.e h0|φ(x)|0i = c 6= 0). A selfinteracting complex scalar field, which is an isospin doublet, is introduced for the spontaneous
symmetry breaking of SU(2)L ⊗ U(1)Y interaction [84, 99, 96]. The simplest possible SU(2)
isospin doublet for scalar fields φ(x) is given by Equ. 1.3, and the corresponding Lagrangian
is given by Equ. 1.4.

  
√ 
φ+
(φ1 + iφ2 )/ 2
φ= =
√ 
0
φ
φ3 + iφ4 )/ 2

(1.3)

LH = Dµ φ† Dµ φ − V(φ)

(1.4)

where, V(φ) is µ2 φ† φ + λ(φ† φ)2 and the covariant derivative is given by:
−
→

0

Dµ = ∂µ + igAµ σ2 − 21 ig YBµ .
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Here, Aµ is a vector of three gauge fields satisfying the local SU(2) symmetry. The
0
−
parameters g and g represent the coupling constants for the gauge fields, and →
σ is a vector
of the Pauli matrices. The potential V(φ) in Equ. 1.4 depends on two parameters: µ and λ.
For the symmetry breaking, µ2 must have a negative value. Furthermore, for the stability
of the vacuum, λ is required to be positive.
The Higgs field’s ground state is chosen such that it breaks the SU(2)L ⊗ U(1)Y symmetry
and remains invariant under U(1)em transformations. This requirement generates gluon and
photon. The ground state of the potential is written as:
 
1 0
φ̃ = √  
2 v

(1.5)

Here, v is the vacuum expectation value (VEV ≈ 246.22 GeV [126]), which sets the scale of
q√
the symmetry breaking. In the SM it is given by
2G0F with G0F is the Fermi constant in
natural units [128].
Perturbation theory requires an expansion of φ around its ground state. Hence, the field
φ can be expanded in first order to arrive at Equ. 1.6.


0



1

φ̃ = √ 
2 v+h

(1.6)

Finally, using this field in the Higgs Lagrangian form Equ. 1.4, the W± boson and Z
p
boson acquire masses v2 g and v2 g2 + g0 2 , respectively. In addition, the Higgs field has a
√
self-interaction term corresponding to a physical state with mass v 2λ, the Higgs boson.

1.1.5

Higgs Yukawa Coupling

The coupling term between the Higgs boson and the fermion doublets is responsible for the
fermions to acquire masses. This coupling is known as the Higgs Yukawa Coupling [132].
The corresponding Lagrangian for this coupling is shown in Equ. 1.7.
LY = (mf +

8

mf →
−
σ )ψψ
v

(1.7)

The coupling to fermions is directly proportional to their masses mf . In contrast, the coupling
to bosons is directly proportional to the square of their masses. The term mf ψψ, is given
by mf ψL ψR + mf ψR ψL , where index L and R represents left and right-handed symmetry
groups, respectively. The status of the Higgs Yukawa coupling study at LHC is summarized
in Sec. 1.3.3.

1.2

New Physics Search

The SM is a quantum field theory based on the principle of gauge invariance with various
shortcomings. In the most general mathematical formulation of the SM, one finds that the
dynamics depend on 19 parameters, whose numerical values are established by experiment.
Among those are the masses of all the elementary particles. Despite the fact that over
time and with many experiments the SM became an established theory, there are many
indications that it is only a low-energy approximation of a more complete theory [126]. A
first indication is the requirement of the 19 numerical constants whose values are unrelated
and arbitrary [50]. Although the present SM can attribute neutrinos masses, the details of
neutrino mass are still unclear and likely will require additional arbitrary constants [142].
A further shortcoming is its failure to include gravity and to describe dark matter. It
also fails to interpolate to the Planck scale. If indeed BSM particles are present at high
energy scales and also couple to the Higgs boson, for the weak scale to be much smaller
than the Planck scale, severe fine-tuning of the parameters is required (hierarchy problem)
without a fundamental explanation [30]. The Yukawa sector of the SM [145] does explain
for the observed fermion mass hierarchy. It is also difficult to accommodate the observed
predominance of matter over antimatter (matter/antimatter asymmetry), as the charge and
parity symmetry (CP) violation in the SM is many orders of magnitude too small [53].
To explain the various problems and inadequacies of the SM, many corrections to the
theory have been proposed [78]. There are two broad classes of models. One is based on
a new fermion-boson symmetry in nature called supersymmetry [146, 121, 126]. The other
class invokes the existence of strong interactions at a scale of the order of a TeV or above
and induces strong breaking of the electroweak symmetry [126].
9

In all BSM models, the presence of new generations of particles having different is
expected, which may alter the production and decay properties of the Higgs boson from
SM predictions. New generations of particles properties by the BSM models could add
new decay amplitudes which change the magnitude or/and the interference pattern between
contributing amplitudes resulting in changes of branching fractions with respect to SM
predictions. The search for such deviations is rather independent of details of such BSM
theories. The LHC, the world’s largest and most powerful particle accelerator, enables us
to search for experimental evidence of BSM physics. The CMS detector at the LHC is
particularly well suited to measure decays into muons and electrons.

1.3

Rare Decays of the Higgs Boson

In many BSM models, it is expected that amplitudes for the new generations of particles
decrease inversely to their mass scale, i.e.
contribution.

the higher the mass scale the weaker the

In rare decays, weak new amplitudes compete with already weak SM

amplitudes, possibly resulting in relatively-sizable enhancements. Furthermore, the access of
the BSM physics with rare decays is not challenged as they only add marginally to the total
branching fraction (Higgs decay width) allowing sensitivity to masses not accessible directly
at the LHC. The number of Higgs boson in a particular decay mode H → XY, where X and
Y subsequently decay to ll, produced in proton proton (pp) collisions is given as:
NH→XY = σpp→H · ΓH→XY · L · EA · ΓX→ll · ΓY→ll

(1.8)

Here, σpp→H is the total production cross-section of the Higgs boson in proton proton
collisions at a given center of mass energy, and ΓH→XY is the branching fractions of the Higgs
boson decaying into intermediate particles that decay further into lepton pairs with relative
branching fractions ΓX→ll and ΓY→ll , respectively. The L is the integrated luminosity of the
dataset searched for the Higgs decay into X and Y, and EA is the product of efficiency and
acceptance of the detector, inclusive trigger, reconstruction, and selection requirements. The
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total value of the production cross-section of the Higgs boson is found to be σpp→H = 55.1 pb
at 13 TeV [2].
The sum of all possible decay branching fractions, including those that may exist but
have not been observed yet, is constraint by the total width of the Higgs boson. In the SM,
the Higgs boson is expected to have a narrow width [98], about 250 times smaller than the
resolution of the CMS experiment. Hence, the total width of the Higgs boson can not be
measured directly at the CMS [16].

1.3.1

Proton-Proton Collision

The proton is composed of partons: quarks, virtual quarks-antiquarks pairs, and gluons. The
partons in the proton can interact with a given likelihood allowing several interactions such
as quark-quark, quark-gluon, and gluon-gluon interactions. The partons in the proton can
be treated as a cloud of non-interacting point-like constituents, where each parton carries
a fraction of the four-momentum (x). Parton distribution function parametrizes x and
represents the probability density for a parton to be found inside the incoming proton.
The parton distribution function is obtained by global fits to data at different factorization
scales. Figure 1.2 shows the proton parton distribution function of the gluon by the NNPDF
collaboration [79].

1.3.2

Higgs Boson: SM Production and Decay Mechanism

The Higgs boson production mechanism at the LHC is shown in Fig. 1.3. The dominant
production of the Higgs boson involves gluons from the colliding protons, known as gluongluon fusion (ggF). The diagram Fig. 1.3 (a) shows a triangular quark loop, where the most
important quark is the top quark. The next important production mode is the vector boson
fusion (VBF), shown in Fig. 1.3 (b), where two quarks interact with each other producing the
Higgs boson with the emission of the W (or Z) boson. The Higgs boson is also produced via
associated production with a vector boson (Fig. 1.3 (c)) or top quark pair (Fig. 1.3 (d)). The
ggF production mode contributes relatively more than 88% to the total Higgs production
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Figure 1.2: The parton distribution function at a factorization scale of 10 GeV2 and
104 GeV2 and their uncertainties with respect to a fraction of a four-momentum (x) from
the NNPDF collaboration [79], is shown.
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Figure 1.3: Feynman diagrams contributing to the Higgs boson production: (a) gluon
fusion and (b) vector-boson fusion (c) vector boson associated production and (d) top quark
associated production [95].

13

at LHC while the other production mechanisms, VBF and associated production (VH and
ttH) contribute 7% and 5 % [2], respectively.
The cross-section of the Higgs boson production changes with the center of mass energy
of the collision. The production cross-section of the Higgs boson with its uncertainties is
plotted in Fig. 1.4 (top) [2]. The calculation is performed perturbatively up to third and
fourth-order, next-to-next-leading order (NNLO), and next-to-next-to-next leading order
(N3LO), in the strong interaction coupling constant αs [59].
Computation of all possible SM branching fractions ΓH→XY along with their uncertainties
will be compared to experimental results. The main SM Higgs decay branching fractions are
summarized in Fig. 1.4 (bottom) [2].

1.3.3

Studies on Higgs Yukawa Coupling at LHC

As described in Sec. 1.1.5, studies of the Higgs Yukawa coupling are critical to probe the
SM prediction. Higgs Yukawa coupling to taus, top quarks, and bottom quarks have been
measured [14, 70, 64]. Recently, evidence of the Higgs boson decaying to muons pairs is
also reported by the CMS collaboration [68]. In addition to the coupling given by Equ. 1.7,
the CMS collaboration determined the parameter kappa (κ) that is introduced to quantify
deviations from the SM coupling [77]. In the SM it would remain at unity, while in the
presence of new physics κ can have a different value. The observed values of the Higgs
Yukawa couplings to various SM particles with the fit to the CMS measurements using the
Run-2 dataset is shown in Fig. 1.5.
Although all observed κ-values agree with the SM prediction, the Higgs Yukawa coupling
to second and third generations of quarks (c, s, u, d) is not measured, yet. In addition, the
measurement of Higgs coupling to electrons and neutrinos would be very challenging. For
the Higgs Yukawa studies, rare decay searches serve two purposes: First, they might directly
or indirectly probe those couplings that have not yet been measured. Second, they might be
more sensitive to small deviations from the SM predictions as compared to inclusive coupling
measurements that have larger uncertainties. In my analysis, I select rare decay channels,
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which indirectly probe the presence of the BSM physics in the case of Higgs Yukawa coupling
to charm and bottom quarks.

1.3.4

Rare Decay Searches at LHC

Rare exclusive decays of the Higgs boson to mesons provide experimentally clean final states
to study Yukawa couplings to quarks and physics beyond the SM. At the LHC, the required
sensitivity for measuring Yukawa couplings to second- and first-generation fermions has not
yet been reached. The upper limit at the 95% confidence level (CL) for the decay into
µ+ µ− or cc̄ in inclusive measurements is found to be approximately 2 and 70 times the SM
expectation, respectively [19, 66, 43, 67].
One class of such processes is the decay of the Higgs boson into a photon and a vector
meson (V) [51, 104, 35]. Thus far, the γJ/ψ, γψ(2S), γΥ(nS), γρ, and γφ decays have been
searched for [137, 20, 18]. The 95% CL upper limits on the branching fractions of the Higgs
boson into γJ/ψ, γρ, and γφ are 2 orders of magnitude larger than their expected values in
the SM. For the γψ(2S) and γΥ(nS) decays, the corresponding upper limits are, respectively,
3 and 5 orders of magnitude larger than the SM expectation.
A second related class of such processes that is considered here is the decay of the Higgs
boson into a Z boson and a vector meson V [35, 78, 101]. The relevant SM Feynman diagrams
for the decays H → ZV are shown in Fig. 1.6.
The first diagram in Fig. 1.6 represents amplitudes contributing at the leading order,
where the Higgs boson directly couples to a quark and anti-quark pair that radiates a Zboson and forms the vector meson. The last two diagrams depict indirect contributions to
the decay amplitude. Here, the Higgs boson decays into ZZ∗ or Zγ ∗ is followed by the decay
of the virtual boson into the vector meson. The last graph corresponds to both, tree-level
vertices and one-loop diagrams as indicated by the circle. In the SM, the indirect processes
dominate.
New physics could affect the direct boson couplings or could enter through loops, and
alter the interference pattern between the amplitudes. Any of those possibilities can enhance
branching fractions with respect to SM predictions.
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Figure 1.6: Sample Feynman diagrams depicting direct (top) and indirect quark coupling
contributions to the H → ZQ decay (middle, bottom), where Q represents a quarkonium
resonance. The diagrams represent Higgs boson decays into quarkonium pairs when replacing
the bottom section with the upper half in each.
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For the rare decays H → ZJ/ψ and H → Zψ(2S), the H → Zγ ∗ amplitude contributes
significantly. Hence, these rare decays provide complementary information to the decay
H → Zγ, both in and beyond the SM. [89, 35]. In addition, studies of the indirect processes
are also of interest as these probe the different phase space as compared to conventional
H → WW∗ and H → ZZ∗ measurements. Several models beyond the SM predict enhanced
Yukawa couplings to fermions [78]. An example is a version of the Giudice–Lebedev model of
quark masses [92] that is modified to have two-Higgs doublets. Enhancements of the Yukawa
couplings are possible in a two Higgs doublet model with spontaneous flavor violation [82].
Other scenarios in which light-quark Yukawa couplings can be larger than predicted in the
SM include a single Higgs doublet model with Froggatt–Nielsen mechanism [87] and Randall–
Sundrum models of warped extra dimensions [129, 100].
The decays of the Higgs boson into ZJ/ψ and Zηc have been studied experimentally at
the LHC arriving at 95% CL upper limits on the branching ratios of the Higgs boson that
exceed 1 [24]. Recently, the CMS collaboration published upper limits on the branching
ratios for H → Zρ and H → Zφ at the 95% CL that exceed SM expectations by more than
a factor of 730 [138].
A third related class is the decay into pairs of quarkonia (Q). The Feynman diagrams
are variants of the graphs in Fig. 1.6: in each diagram, the upper half replaces the on-shell
Z boson on the lower part. Particularly, in the top diagram, the Z boson is replaced by
the same direct coupling to a quark-antiquark pair as on the upper branch. In the bottom
diagram, both photons could be gluons in which case additional soft-gluon exchange occurs.
The importance of the measurement of such decays has been pointed out in Ref. [46,
107, 81, 106]. Using a phenomenological approach for the direct Hqq̄ coupling, Ref. [46]
finds that the dominant quarkonium pair decay mode is H → ΥΥ with an estimated
branching fraction (B) at the level of 6 × 10−5 . More recently, Ref. [105] arrives at values of
B(H → J/ψJ/ψ) = 1.5 × 10−10 and B(H → ΥΥ) = 2 × 10−9 assuming dominance of indirect
amplitudes. The mechanism where the Higgs boson couples directly to charm or bottom
quarks, which then hadronize to heavy quarkonia, was considered in the calculation in
Ref. [51] leading to an increase of an order of magnitude in the related B(H → J/ψγ). During
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the hadronization process quarkonium pairs with excited states are less frequently produced,
but with comparable strength [117].
Precise knowledge of these final states benefits the analysis of the H → ZZ∗ [71] decay
channel and the searches for Higgs boson decays into ZZd , Za, or aa [15], where Zd (a) is a
new vector boson in a dark sector (new axion-like particle).
The results presented in this thesis are based on proton-proton (pp) collision data
recorded in 2016, 2017, and 2018 with the CMS detector at a center-of-mass energy of
√
s = 13 TeV, amounting to an integrated luminosity of 137 fb−1 in ZJ/ψ channels and 133
fb−1 in the quarkonium pair channels.

1.3.5

Decay Mechanism of Z Boson and Q Meson into Leptons

In this rare decay analysis, the leptons from intermediate particles (i.e. Z and Q) from
proton proton collisions at LHC are reconstructed. The final state particles in the Higgs
decays discussed here are the J/ψ and the Υ states, and the Z-boson. The leptonic decay of
these intermediate particles provides clean final states. The leading order Feynmann diagram
for the Z boson decay into lepton-antilepton pair (e+ e− or µ+ µ− ) is shown in Fig. 1.7 (top).
This leptonic decay contributes about 10% of the total Z boson decay [126].
The bound state of the charm-anticharm and bottom-antibottom quark pair is known as
charmonium and bottonium states, respectively. The ground-state vector mesons of these
resonances are the J/ψ meson with mass mean of 3.1 GeV and Υ(1S) meson with mass mean
of 10.5 GeV, respectively. The leading order diagram for the decay of these vector mesons
into pairs of leptons is shown in Fig. 1.7 (middle). The intermediate particle is a photon
in the case of QED interaction and the Z boson in the case of the electroweak interaction.
Furthermore, I studied channels in which one or both J/ψ mesons can be the result of the
decay of the higher charmonium state-ψ(2S). More than 60% of ψ(2S) particles decay to
J/ψ-meson and two pions [126]. The leading order diagram for such decay is shown in
Fig. 1.7 (bottom).
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Figure 1.7: The top diagram represents the Z-boson decay into the lepton-antilepton pairs.
Leading order Feynman diagrams contributing for Q → l+ l− decay, where Q represents a
vector meson (J/ψ and Υ meson) is shown in the middle. The bottom diagram represents
the leading order contribution for the inclusive decay of ψ(2S) → J/ψππ, where q is a quark
(q antiquark) and π is either a charged or a neutral pion.
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Chapter 2
Experimental Setup
The LHC is one of the scientific and engineering marvels of our world. I have discussed
the details of the accelerator and the mechanism of how the collisions are performed to
achieve the desired physics goal of the accelerator. The specific details on the components
of the CMS detector responsible for the lepton detection are also described. In the CMS
detector, relevant interesting events are decided by the trigger systems. The organization
and operation of the trigger systems are also explained.

2.1

Large Hadron Collider

The LHC is the world’s most powerful particle accelerator. It accelerates particles around its
circumference, which is 27 km in length, and is buried up to 175 m deep underground at the
border of France and Switzerland. The outer ring of the LHC is a tunnel of superconducting
magnet, and it accelerates particles to a velocity close to the velocity of light. Four specific
positions are selected to collide the highly accelerated particles, where four experiments are
located-a large ion collider experiment (ALICE), ATLAS, CMS, and large hadron collider
beauty (LHCb). CMS and ATLAS experiments are designed to explore a wider area of
particle physics. ALICE and LHCb are optimized for the heavy-ion study and heavy flavor
studies respectively. The sketch of the LHC is shown in Fig. 2.1.
√

The first run of the LHC was able to collide protons at center of mass energy of
√
s = 7 TeV and s = 8 TeV. The major portion of data acquisition happened during 2011
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Figure 2.1: Schematic sketch of the CERN accelerator complex. It shows the position of
four main detectors (ALICE, ATLAS, CMS, and LHCb) in the LHC ring. The arrow shows
the direction of the particle beams in each accelerator. The machines used to boost the
particles to their final energies are shown.
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and 2012 amounting to an integrated luminosity equal to 5.5 inverse femtobarn (fb−1 ) and
21.8 fb−1 , respectively. After a two-year shutdown, another successful period of the LHC
started in 2015 for 3 years. In this period, LHC reaches the milestone of collecting data equal
to an integrated luminosity of 137 fb−1 for collisions of protons with the center of mass energy
√
of s = 13 TeV. The increase in the center of mass energy increases the cross-section of many
rare processes by order of magnitude. The production cross-section of several particles as a
function of a center of mass energy of the collisions is shown in Fig. 2.2.
To increase the probability of interaction during the collision, protons in the beam are
partitioned into separate segments, known as bunches. Each bunch contains 1011 protons.
The bunches of the protons are separated by 25 ns corresponding to the collision rate of
40 MHz. Before injecting to the LHC accelerator, these bunches get accelerated in smaller
accelerators-proton synchrotron (PS) and super proton synchrotron (SPS). In PS, the group
consisting of 72 proton bunches, known as the bunch train, is accelerated. The SPS would
pick three or four of the bunch train from PS and transfer them to the LHC. In addition
to the field which accelerates the bunches, the LHC also consists of electromagnets, which
provide necessary magnetic fields to keep the bunch trains in the beam pipes. The example
Fill pattern of the LHC is shown in Fig. 2.3. Here, the bunch of trains is shown in blue and
red boxes. The group in which SPS collects 4 bunch trains is highlighted with one red box.

2.1.1

Pileup

During the LHC run, the instantaneous luminosity has increased steadily. This also increases
the probability of simultaneous interactions at each beam crossing-pileup (PU). PU events
have an integral role in obtaining the physics goal of the detector. High PU increases the
probability of getting interesting events. None the less high PU increases the challenges
for the detector to identify single interactions among the huge background created by other
interactions. The average PU distribution during the Run 2 period is shown in Fig. 2.4
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Figure 2.2: SM cross-section of proton proton collisions as a function of the center of
mass [3]. The left axis shows the corresponding cross-section of different processes and
the right side of the axis provides the number of events produced assuming the nominal
luminosity of 1033 cm−2 s−1 . The horizontal lines represent the center of mass energy in
which the Tevatron and LHC accelerators are operated.
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Figure 2.3: Schematic diagram showing the LHC bunch structure during the Fill. The
group of bunches accelerated by PS-the bunch train are shown in the red and blue box. SPS
picks 3 or 4 of such a bunch train. One of the boxes is shown in red in the case where SPS
picks 4 bunch trains.
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Figure 2.4: Distribution of the average number of interactions per crossing (pileup) for pp
collisions in 2015 (purple), 2016 (yellow), 2017 (light blue), 2018 (navy blue), 2017 (light
blue), 2018 (navy blue) and Run 2 (grey). The overall mean values and the minimum bias
cross sections are also shown. These plots use only data that passed the certification for
any kind of usage in physics analysis, and the ”LHC standard” values for the minimum bias
cross sections [4].
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2.2

CMS Detector

The Compact Muon Solenoid (CMS) is a general-purpose detector at the LHC, which is 21.6
m long and has a diameter of 14.6 m. It has a broad physics program ranging from studying
the Standard Model to searching for physics beyond the Standard Model. The detection
of the charged particles and their momentum requires powerful bending ability, which is
obtained by using a superconducting solenoid.
The sketch of the CMS detector [10] is shown in Fig. 2.5. This detector consists of a
4-T superconducting solenoid magnet. This magnet provides bending power equivalent to
12 Tm for the particles inside it. The muon chambers surround the magnet and cover up-to
geometric coverage of |η| ≤ 2.4. These chambers are placed on the iron which gets saturated
by the return field of the magnet [61]. The tracking systems (more details in Sec. 2.2.1) and
calorimeter systems are accommodated inside the magnet, and the muon detector systems
(more details is in Sec. 2.2.3) are located outside the magnet.
In order to improve the measurement of the charged particle tracks and the secondary
vertices, the CMS detector place 3 layers of silicon pixel detector and 10 layers of silicon
micro strip detectors. The energy of the electron is measured using the electromagnetic
calorimeter (ECAL), which uses lead tungstate (PbWO4 ) crystals and have coverage in
pseudorapidity up to |η| < 3.0. More detail of the ECAL detector is explained in Sec. 2.2.2.
The scintillation light, produced by lead tungstate crystal, is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs) in the endcap
region. A preshower system is installed in front of the endcap ECAL for π 0 rejection. The
ECAL thickness is larger than 25 times the radiation thickness [61]. The muon detector
system consists of three technology-drift tubes (DTs), cathode strip chambers (CSCs), and
resistive plate chambers (RPCs). The combination of DTs and RPCs is used in the barrel
region and the combination of CSCs and RPCs is used in the endcap region of the CMS
detector.
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Figure 2.5: The perspective view of the CMS Detector, with persons shown for scale
comparison [61]. The outermost layers are muon detectors placed between slabs of iron
absorbers. The iron layers also function as return yoke for the magnetic field. From outside
inwards the muon detectors are followed by the superconducting solenoid,the hadronic
calorimeter, the electromagnetic calorimeter, the silicon strip tracker, and the innermost
3 layers are the silicon pixel detector. The beam pipe enters from each end of CMS and
collisions take place in the center of the detector.
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2.2.1

Tracking System

The Tracking system in the CMS detector consists of the largest silicon tracker ever build. It
contains an active area of 200 m2 and surrounds the interaction points, as shown in Fig. 2.6.
This detector lies within the superconducting magnet that produces a homogeneous magnetic
field of 4 T over the full volume of the tracker. The tracker detector is designed to identify
the trajectory of the particles and the secondary interaction vertices [61]. The trackers are
designed entirely based on silicon detector technology to get the desired speed, radiation
hardness, and granularity. The expected LHC physics program requires a robust, efficient,
and precise reconstruction of the trajectories of charged particles with transverse momentum
above 1 GeV in the pseudorapidity range |η| < 2.5.
The tracking detector is one of the detectors which get hits with the largest amount of
particles. For the nominal luminosity of about 1034 cm2 s−1 , it would get about 1000 particle
hits from more than 20 overlapping proton-proton interactions in each bunch crossing i.e
every 25 ns [61]. Thus the detector has to identify trajectory and have to associate those
tracks with the corresponding collision bunches in a short time. This will increase the
temperature of the detector. To keep the temperature under control, an efficient cooling
system is applied to the detector. Furthermore, the intense flux of the particles may degrade
the tracking systems. Another challenge for the detector is to operate in harsh conditions
with minimal damage due to radiation. The study of the radiation hardness of the tracker
detector components to identify the change of detector performance is crucial. The study of
the radiation hardness of the CMS tracker sensor, which is proposed to use in future CMS
runs, is summarized in Sec. 3.2.
The input from the CMS tracking systems is essential for the identification of the objects
such as muons and electrons. It also provides critical input for the decision in the CMS
trigger systems. More details on the CMS trigger systems are discussed in Sec. 2.2.4.
Silicon Pixel Detector
The closest layer of the CMS detector from the interaction point is the silicon pixel
detector. It would provide precise tracking points in r − φ and z, which is also used for
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the reconstruction of the secondary vertex. This detector is built using the pixel cell of
dimension 100 × 150 µm2 . The geometrical coverage of the detector is shown in Fig. 2.6.
The position of the silicon pixel detector implies a very high particle fluence and track rate.
Hence, the detector components should be radiation tolerant. This is achieved in CMS pixel
detector sensors by designing an n+pixel on n-substrate, which allows partially depleted
operations even at very high particle rates. Furthermore, the position resolution of about
15 µm is achieved in both barrel and endcap region of this detector [61].

2.2.2

The Electromagnetic Calorimeter

The ECAL in CMS is a hermetic homogeneous calorimeter made of P bW O4 crystals. The
barrel section of the calorimeter uses APDs and the endcap section uses VPTs and a
preshower detector to detect photons emitted from the lead tungstate crystals. The group of
5 crystals consisting of the carbon-fiber alveola structure-supercrystals is the building block
of this calorimeter. In the barrel regions of the detector, 61,200 crystals are placed to cover
the pseudorapidity range |η| < 1.479. The endcap region (1.479 ≤ |η| ≤ 3.0) is divided into
two parts, each containing 156 superclusters made from 3662 crystals. The crystal length
in each region is selected to have more than 24 X0 , where X0 is the radiation length of
the material. The sketch of the ECAL detector is shown in Fig. 2.7. More details of each
component of ECAL: lead tungstate crystal, photodetector, and preshower detector, are
explained in the next section.
Lead Tungstate Crystal
Lead tungstate crystal is selected in CMS for the ECAL detector because of its high density
of about 8 g/cm2 , short radiation length of about 0.9 cm, and small Moliere radius of
about 2 cm. These properties of the lead tungstate crystal made the ECAL detector a fine
granular and compact calorimeter. Recent advancement in scintillation properties benefits
the mass production of high-quality crystals [115, 39]. The delay time on the scintillation
light production of this crystal is of the same magnitude as the LHC bunch crossing time.
Furthermore, These crystals have to withstand the particle flux and high radiations in the
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Figure 2.6: The schematic cross-section through the CMS tracker System [61]. Each line in
sketch represents the detector modules. The sketch shows tracker inner barrel (TIB), tracker
Inner disk (TID), tracker outer barrel (TOB), tracker endcap (TEC) and the silicon pixel
detector (PIXEL).
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Figure 2.7: The sketch of the CMS electromagnetic calorimeter showing the arrangement
of the crystal modules, supermodules and endcaps, with the preshower [61].
.
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CMS detector. A radiation hardness study of the crystal has been performed. These crystals
are exposed in three times more radiation doses than expected radiation doses in LHC and the
damage in the crystal remained within the limit required for good ECAL performance [148,
114].
Photodector
Photodetectors in the ECAL detector need to have several specific characteristics: fast,
sensitive to small lights, and be insensitive to particles traveling through them. Furthermore,
they should perform in high magnetic field and radiation conditions. Barrel and endcap
regions of the CMS detector have different environments and radiation doses. Hence, two
photodetectors are used in two regions of the CMS detector. Avalanche photodetector is
used in barrel regions and vacuum photo triodes are used in endcap sections.
Preshower detector
In the region 1.653 < |η| < 2.6, for the improvement of the position determination of electrons
and photons with high granularity, and the identification of electrons against minimum
ionizing particles, the preshower detector is used. The main purpose of this detector is to
identify neutral pions. It contains a lead radiator and silicon stripes. Lead radiator initiates
electromagnetic shower from incoming photon/electrons. Silicon strip sensor measures the
deposited energy and the transverse shower properties.

2.2.3

Muon System

The precise and robust muon measurement is of central importance in the CMS detector.
The CMS muon system is designed to reconstruct the momentum and charge of muons over
the entire kinematic range of the LHC. Muon properties are measured using three gaseous
particle detectors [113]. These three detectors would serve for the identification, momentum
measurement, and triggering. Good muon momentum resolution and trigger capability are
enhanced by the high field solenoidal magnet and its flux-return yoke. The latter also serves
as a hadron absorber for muon identification. Muon systems use separate techniques in
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Figure 2.8: The sketch of the CMS detector showing the muon systems in the r-z plane.
The muon barrel chambers (MB, RB) and muon endcap chambers (ME, RE) are shown in
yellow and green, respectively.
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the barrel and endcap region of the CMS detector. Figure 2.8 shows the sketch of the CMS
detector showing all components in muon chambers. The background and the muon rate are
small in the barrel regions of the CMS detector, where the magnetic field from the magnet is
uniform. In these regions, DTs are used. The DT chambers cover the pseudorapidity region
of |η| < 1.2 and are organized into 4 stations interspersed among the layers of the flux return
plates. These 4 stations are divided into two groups. The first group consists first three
stations and measure the muon coordinate in the r − φ bending plane. The second group
consists of the fourth station and provides measurement in the z-direction.
In the endcap regions of the CMS detector, the magnetic fields are non-uniform, and
the background levels and the muons rates are high. In these regions, CSCs are used. The
CSC chambers covers the pseudorapidity 1.2 < |η| < 2.4. There are 4 stations in CSC,
positioned perpendicular to the beamline, in each endcap region. Each chamber in CSC
stations consists of anode and cathode wires. The anode wires are organized perpendicular
to the cathode stripe and provide the measurement of η and the timing information. The
cathode strip provides precise measurement in r − φ plane.
A dedicated trigger system is added in both barrel and endcap muon systems-RPC. RPC
is designed to provide a fast, independent, and highly-segmented trigger with a sharp pT
threshold over a large rapidity range of the CMS detector. For good operation at high rates,
RPC has double gap channels operating in the avalanche mode.
To optimize the momentum resolution, a sophisticated alignment system is introduced,
which measures the positions of the muon detectors with respect to each other and the
inner tracker. The example of the object reconstruction in the CMS detector along with
muon/electron reconstruction is shown in Fig. 2.9. The details of muon detector subsystems:
DT, CSC, and RPC are explained in the sections below.
Drift Tube Chamber
The CMS muon chamber detects muon position in barrel regions using DT systems. The
drift tube also known as the drift cell, consists of a cylindrical tube that contains a stretched
wire within gas (mixture of 85% Ar + 15% CO2 ) volume. The transverse dimension of the
drift cell is chosen to have a drift time of about 380 ns. This time is quick enough to avoid
36
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Figure 2.9: The cross-sectional view of the CMS detector showing the object reconstruction in the CMS detector. The track
and the calorimeter deposit of the muon, electron, pion and photon are shown.

the need for multi-hit electronics and to produce small occupancy. Up to 60 DTs are used
to create a detection layer. 12 of such layers are arranged in three groups of four layers in
DT chambers [61].
Cathode Stripe Chamber
The CMS muon system uses CSC to detect muons in the endcap region [61]. This region
is expected to have high particle rates as well as a non-uniform magnetic field. The CSC
consists of positively charged anode copper wire and negatively charged cathode stripes. The
combination of these provides two coordinates of the muons passing through it. Wires run
azimuthally and produce radial coordinates. The charge induced in the stripes would be
interpolated to determine muon’s co-ordinate along the wires [56, 61].
Resistive Plate Chamber
RPC is the gaseous parallel-plate detector that combines adequate spatial resolution with a
time resolution comparable to that of scintillators [133, 54]. The RPC can tag an ionizing
event much faster than LHC bunch crossing i.e. 25 ns. The trigger systems based on RPC are
able to unambiguously associate the relevant bunch crossing with the muon tracks. Triggers
based on RPC are also able to estimate the transverse momentum with high efficiency even
in an environment where the rate of particles hits may reach more than 1000 Hz/cm2 . the
RPC operates in avalanche mode with double gap modules. The readout stripes are placed
in between two modules [26, 25].

2.2.4

The Trigger System

The LHC is designed to collide proton-proton and heavy-ion particles at high interactions
rates. The frequency of the collision for the proton beam is 40 MHz (corresponds to 25
ns bunch crossing). In addition, about 20 simultaneous proton-proton collisions at each
bunch crossing are expected at a nominal luminosity of 1034 cm2 s−1 . Processing all the
events associated with the LHC collisions with current technology is impossible. Therefore,
a decision has to be made at the early stage for the rejection of non-interesting events, which
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is done by the trigger systems. The trigger systems have been organized into two steps: L1
trigger system [76] and High-level trigger (HLT) trigger systems [11]. In the CMS detector,
control and operation of trigger component are done using a software system-the trigger
supervisor [119].
L1 Trigger Systems
The L1 trigger system is designed to reduce the huge rate from the LHC collisions (i.e.
40 MHz) to an output rate of less than 100 kHz. This is achieved via custom-designed
programmable electronics. The L1 trigger systems use large and irregularly segmented
data from the muon systems and the calorimeter while holding the high-resolution data
in pipelined memories in the front-end electronics. For flexibility, most of the L1 trigger
hardware is implemented in field-programmable gate array technology. In the case where
speed and radiation resistance are important, programmable memory look-up tables and
application-specific integrated circuits, are also used.
HLT Trigger Systems
The HLT trigger system is a software system implemented in a filter farm of more than a
thousand processors. The HLT system is expected to reduce the input rate of 100 kHz (from
L1 trigger systems) to a few Hz. HLT trigger systems have the advantage of having full
access to the complete readout data. So, it can perform complex analyses for the selection
of interesting events. Furthermore, as this is a software-based trigger system, it will evolve
quickly with time and experience. More details of the systems can be found in Ref. [28].
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Chapter 3
PLT Detector
In this chapter, I have described the details of the PLT and the theoretical background
behind the triple coincidence luminosity measurement. The track reconstruction technique
used in the PLT detector to determine the beamspot position is also described. Finally, the
long-term stability study is explained using the beamsopt position and beamspot properties
at the LHC from the PLT detector during 2016.

3.1

PLT Detector

The rate of collisions of the particles in the particle accelerators is identified as the
instantaneous luminosity (Linst ). The rate of any physics process (R) is related to Linst
by the Equ. 3.1
R = Linst σ,

(3.1)

where σ is the cross section of the physics process.
Luminosity measurements are a crucial component for the physics program of the CMS
experiment. The uncertainties in the luminosity affect the direct searches in the CMS
experiment. This uncertainty has to be incorporated in the cross-section. The luminosity
measurement also has a significant contribution to the indirect searches in the CMS. The
method to incorporate uncertainty, in this case, is explained in Sec. 4.9.
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The CMS beam radiation instrumentation and luminosity project (BRIL) provides
real-time (Online) feedback of instantaneous luminosity.

This serves also as input for

real-time optimization of the LHC beam operations. Furthermore, the BRIL group uses
severals luminosity subsystems to obtain the integrated luminosity. Precise measurement
of integrated luminosity is a critical component in CMS experiments as this value has to
be propagated in almost all CMS analyses, which are now moving towards high precision
measurements.
In Run 2 upgrades of the BRIL project [75], a dedicated luminosity monitor, the PLT [17,
103, 125, 27], was installed in 2015. The PLT instrument has been designed, and the concept
is proven in particle test beams by the University of Tennessee in collaboration with research
groups from Rutgers University, Vanderbilt University, and Princeton University. While the
original design used diamond detectors, studies by the University of Tennessee research
group with neutrons from a high flux isotope reactor at the Oak Ridge National Laboratory
proved that diamond sensors would not withstand the expected high fluences at the LHC.
This luminometer has successfully operated during the Run 2 period of the LHC run. The
PLT detector consists of 16 telescopes. Half of them are placed on the left side, approximately
1.75 m from the CMS interaction points, and arranged in a circle around the beam pipe at a
pseudorapidity η ≈ 4.2 [47]. The remaining half of the telescopes are arranged similarly on
the right side. Each telescope contains 3 sensors, they are arranged such that the particles
originating from the CMS interaction point would pass through all of the three sensors in a
telescope.
Figure 3.1 shows a sketch of the layout of one side of the PLT showing an arrangement
of 8 telescopes on that side. The quarter of the PLT detector along with carriage showing
cassette, opto-motherboard, colling, and power connections is shown in Fig. 3.2.

3.1.1

Triple-coincidence Luminosity Measurement

For the measurement of luminosity, PLT measures the rate of the reconstructed tracks. This
leads to the modification of the Equ. 3.1 to Equ. 3.2.
R = Linst σvis ,
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(3.2)

Figure 3.1: A sketch of the general layout for one side of the PLT, showing the arrangement
of the eight telescopes in that side around the beam pipe in the center. The sensors are
indicated by the purple squares.
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Figure 3.2: Schematic of the carriage, showing the cassette, opto-motherboard, and cooling
and power connections.
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where the calibration constant σvis , the “visible cross-section”. In the PLT, σvis is obtained
using van der Meer method [44].
In the PLT detector, if an event has hit all three planes of the detector, the event is
called a triple coincidence event. The triple coincidence rate is used in PLT to measure
luminosity. For a given bunch i, the per-bunch average number of triple coincidences µi is
given by the zero-counting method [74]. Assuming the Poisson distribution of the number
of triple coincidence and the fraction of collisions with no triple coincidence per collision
in a channel to be f0 , the mean number of triple coincidence for that channel is given by
µ̄ = −ln(f0 ). The average of µ̄ over all telescopes is µi . Finally, triple coincidence rate per
bunch (Ri ), µi , and LHC revolution frequency (frev ) are related by the formula Ri = µi frev .
Then, the per-bunch luminosity Linst , also known as single-bunch instantaneous luminosity
or SIBIL, can be obtained using Equ. 3.2 [47]. Finally, SBIL is used to obtain the integrated
luminosity. CMS integrated luminosity over the full Run 2 period is shown in Fig. 3.3.
The PLT detector must be maintained at stable operational conditions over a long period.
The long-term stability of the detector acceptance and the visible cross-section of the detector
can be monitored with the measured position of the beamspot. Section 3.1.2 describes the
study of the beamspot position in each fill during 2016.

3.1.2

Beamspot Reconstruction

By extrapolating the tracks measured in the PLT to the CMS interaction point, the position
of the beamspot can be measured. The beamspot position is estimated from a least-square
fit of a straight line to three clusters in the three planes in a PLT telescope, in telescope x
and y coordinates. The positions are translated to global positions, including corrections for
the alignment of the planes within the telescopes. The global alignment of the telescopes
with respect to each other was controlled with a sample of tracks originating from opposite
halves of the PLT. The global z positions corresponding to the closest approach in the global
x and y coordinates were corrected to a common position. As the interest is in the relative
behavior of the beamspot during the 2016 run period, no attempt was made to align the
position with the CMS tracker.
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Figure 3.3: The cumulative LHC delivered (blue) and CMS recorded (yellow) luminosity
versus time for 2015 to 2018 is shown. Among 151 fb−1 , about 137 fb−1 is passed certification
and online filters for the channels studied in this analysis.
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Figure 3.4 shows the global beamspot position in x and y coordinates versus fill numbers
over the course of 2016. The red data points correspond to the 55 consecutive fills between
Fill 5024 to 5183. The green dots indicate a secondary position that is offset from the red
cluster of positions by about 150 µm in x and 300 µm in y. After fill 5183, the beamspot
positions are shown in black dots. The fills after the vertical black line, represented by the
blue dot correspond to the heavy-ion fills. For each fill, the first 30 minutes of data taking
are skipped, and then tracks with exactly three clusters (one in each plane) are accumulated
for the following 5 minutes of run time. The distributions in the x and y at the z = 0 position
are each fit to a double Gaussian function with a common mean. The fit is an unbinned
maximum likelihood fit, performed with RooFit [144]. In addition to the mean, the standard
deviations of the two components and the relative contribution of the two components are
varied. Fills that have a relative statistical uncertainty in the mean of less than 4µm are
discarded.
Figure 3.5 shows the position of the beamspot in the x-y plane for each pp fill (heavy-ion
fills are excluded). The points appear in three separate groups, which correspond to different
time periods during the 2016 run. The mean x positions in this cluster are well described
by a Gaussian function with a width of 43 µm. The Gaussian function fit to the mean y
positions has a width of 66 µm. The green points mostly indicate the cluster of positions
originating from fills at the beginning and the end of the pp collision run. The measured
beamspot positions for all pp fills remain within a circle of radius 300 µm. The period in
which beamspot moves by about 0.02 cm in the positive x direction, and then gradually
moves back towards x = 0, corresponds approximately to an LHC technical stop and an
increase in the number of colliding bunches to 2220.

3.2

Radiation Hardness Study for HL-LHC

The proposed plan for the extension of the LHC is High Luminosity-LHC (HL-LHC).
The HL-LHC is expected to deliver integrated luminosity of more than 3000 fb−1 by
the end of 2037. To achieve this goal, it has to reach instantaneous luminosity up to
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Figure 3.4: The position of the beamspot mean in global x (top) and y (bottom) coordinates
vs. fill numbers. The coordinates are estimated from the straight line fits in the x-z and
y-z projections when extrapolated to z = 0. The distributions of the coordinates are fit to
double Gaussian functions. The error bars correspond to the statistical uncertainty of the
mean. The dashed black line indicates the start of the heavy ion run. The different colored
markers indicate groups of fills for which the beamspot position is relatively constant.
47

[cm]

CMS Preliminary

2016 (13 TeV)

Beamspot y|

z=0

0.04

0.02

0

−0.02
−0.04
−0.04

−0.02

0

0.02

0.04

Beamspot x|

z=0

[cm]
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7.5 × 1034 cm−2 s−1 . Due to this, the inner parts of the detector system would be exposed to
extreme radiation [112]. The challenge is to develop radiation hard detector systems.
One of the proposed radiation-hard detector components is CMS Phase-2 pixel sensors,
which are thin planar n-in-p sensors with a thickness of about 150 µm. This sensors would
be exposed to the radiation doses up to 1015 neq /cm2 [124].

3.2.1

Performance of Highly Irradiated Pixel Sensors

We studied the reliability of CMS Phase-2 pixel sensors after the irradiation. The CMS
Phase-2 pixel sensors were brought to the test-beam-center at Fermi National Accelerator
Laboratory [48], which is shown in Fig. 3.6. The red circle shows the box that contains
the CMS Phase-2 pixel sensors, known as the cold-box. At either end of the cold-box,
silicon stripe telescope planes are placed. At the right side of the box, the pixel telescope
is located. Combinations of these telescopes would provide the number of expected tracks
in the sensor, which is used to calculate the efficiency of the sensors. Then, the sensors
were shipped to Los Alamos National Laboratory and irradiated with the protons beams
equivalent to 2 × 1015 neq /cm2 . After irradiation, the irradiated tracker is shipped back to
the test beam center at Fermi National Accelerator Laboratory, where the efficiency of the
irradiated tracker was measured. We find the irradiated tracker has very high (92% at bias
voltage 720 V) track reconstruction efficiency, even after the irradiation [5].

3.3

Outlook

A new version of the PLT was installed in 2021. During the LHC test run in October of 2021,
the full functionality of the new detector was established. The new PLT includes a telescope
with newly manufactured silicon sensors. These sensors are candidates for the HL-LHC pixel
detector. The performance of these sensors after irradiation is summarized in Sec. 3.2.1. The
PLT would also serve as a test bench to study their behavior under continuous irradiation
during the upcoming data-taking periods.
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Figure 3.6: Photo from test beam center at Fermi National Accelerator Laboratory (right).
The red circle shows the location at the test beam center where the sensors are placed-cold
box. In the left, The details of the cold box, which consists of the Rice irradiation cards,
Peltier block, high/low voltage connector etc. are shown.
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Chapter 4
Analysis
This analysis focuses on the searches of the rare Higgs bosons into ZQ or QQ states,
which subsequently decays into four lepton final states, where Q = J/ψ or ψ(2S) or Υ
meson. Leptons (muons or electrons) from the Z boson are expected to have high transverse
momentum (pT ). Therefore, events with the Z boson are selected with an online event filter
that selects lepton with high transverse momentum. Quarkonium resonance is expected to
produce leptons with relatively low-pT . Three low-pT muons are selected with online event
filter for the reconstruction of quarkonium pair final states. For e.g: Schematic diagrams of
the event display of an event from the H → ZJ/ψ → 4µ the channel is shown in Fig. 4.1.
The most significant contribution of background comes from ZQ and QQ associated
production. Various kinematic selections are applied to data to identify signals from the
background with the optimized reconstruction cuts. Four-lepton invariant mass distribution
is used as a final discriminant for this search. The background models are solely derived
from data, and signal models are identified from simulation. Signals and backgrounds PDF
are fitted with the data to obtain the upper limit on branching fraction. In this chapter, the
analysis procedure and the results obtained from the analysis are discussed.
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Figure 4.1: Reconstructed event display of a simulated H → ZJ/ψ → 4µ channels is shown.
The tracks in the inner tracker cylinder are shown in green lines. The muon tracks and the
active muon chamber are shown in red. The corresponding kinematic information of the
reconstructed muons are also shown.
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4.1

Data Sample

4.1.1

Data

This analysis uses data collected during the years 2016, 2017, and 2018 pp collision at
CMS. The dataset used in the analysis along with their corresponding luminosity is listed in
Tab. 4.1.

4.1.2

Trigger

Single lepton trigger selects events having at least one isolated muons with high-pT with
very high efficiency. Quarkonium channel utilizes trigger paths that select events with diquarkonia each decaying to two muons, and requires the presence of at least three muons,
two of which must be oppositely charged, have a dimuon invariant mass mµµ in a mass
window near J/ψ respective Υ, and a vertex fit probability greater than 0.5% as determined
by a Kalman vertex algorithm [88]. The single leptons and quarkonium triggers used in the
analysis are listed in Tab. 4.2.

4.2

Lepton Efficiency Study

Each component of the lepton efficiencies: reconstruction, identification, isolation, and
trigger, is obtained using Tag and Probe (T&P) method [6]. These components are then
used to find total lepton efficiency using Equ. 4.1.
lepton lepton
lepton lepton
lepton
Total = RECO .ID|RECO .ISO|ID .Trigger|ISO

(4.1)

Lepton reconstruction, lepton identification, lepton isolation, and trigger efficiency for a
single lepton trigger are centrally produced by a dedicated muon group in CMS-MUON
POG [7]. The study of the quarkonium trigger efficiency is summarized in Sec. 4.2.1.
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Table 4.1: Datset used for the analysis of rare Higgs and Z boson decays.
DataSet
Channel
Single Muon
H → ZJ/ψ → µ+ µ− µ+ µ−
Single Electron H → ZJ/ψ → e+ e− µ+ µ−
Charmonium
H → J/ψJ/ψ → µ+ µ− µ+ µ−
MuOnia
H → ΥΥ → µ+ µ− µ+ µ−
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Luminosity [fb−1 ]
140.11
136.63
133.78
133.58

Table 4.2: Trigger used in this analysis.
Year
Phase space
2016 to 2018 H → ZJ/ψ → µ+ µ− µ+ µ−
H → ZJ/ψ → e+ e− µ+ µ−
H → J/ψJ/ψ → µ+ µ− µ+ µ−
H → ΥΥ → µ+ µ− µ+ µ−
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Trigger
Single muon trigger
Single electron trigger
Charmonium trigger
Bottominium trigger

4.2.1

Efficiency Study: Quarkonium Trigger

The Tag and Probe (T&P) method [6] is a well-established framework within CMS to study
the single muon efficiencies [134]. It is widely used across many analyses containing muons.
Setting up the fits to the individual mass spectra has to be carefully constructed to not
introduce biases in the method. The single muon efficiencies need to be studied such that
they should not be affected by the possible inefficiencies or biases due to the presence of the
second muon.
Trigger efficiency study in this analysis follows the approach suggested by MUON
POG [7]. Efficiency study should be done in a sequence: Efficiency study should be done in a
sequence: First is the muon identification efficiency study and then trigger efficiency, which
would be defined with respect to well-identified muons (soft muons [8] in our case). A special
dimuon trigger was developed by MUON POG [7] to select events with J/ψ candidates,
known as efficiency trigger. The data and MC samples are scanned by this trigger to obtain
events with two muons from J/ψ meson candidates. One muon, which is identified with
the tighter criteria, is named tag muon. Another muon, which has passed through relatively
open and unbiased criteria is known as probe muon. Then, the selection criteria are uniquely
defined, which distinguishes passing probe muon from total probe muon, the ratio of which
would provide the efficiency.
Quarkonium trigger uses the software-based trigger system implemented using filters
defined in each layer-L1, L2, and L3 layers. The efficiency study of quarkonium trigger is
divided into two steps:
1. lepton
L1.L2 : L1.L2 efficiency
: L3 efficiency
2. lepton
L3
L1.L2 Trigger Efficiency
The L1.L2 trigger efficiency is obtained by using the filters defined in the layer L1 and L2
in the selection criteria. The “soft muons” [8] form J/ψ meson candidate, matched to the
efficiency trigger, are selected from data and simulations. The tag muon pT is required to
be greater than 7 GeV to account for the pT cut in the efficiency trigger. Passing muons
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are those muons that pass L1.L2 filters. For the efficiency calculation, the probe muons are
divided into many regions depending on their pT and η distribution. In each region, dimuon
(tag and probe muon) invariant mass distribution of the total, passing, and failing muons is
obtained, which is used to calculate the corresponding efficiency. In one region where probe
muons lie within 0 ≤ |η| ≤ 0.9 and 20 ≤ pT ≤ 25 GeV, the invariant mass of the dimuons
(tag and probe muons) are shown in Fig. 4.2. In all regions, the L1.L2 efficiencies of the
muons, separated into four pseudo-rapidity ranges for data and simulations are shown in
black and red points in Fig. 4.3, respectively.
L3 Trigger Efficiency
The L3 trigger efficiency is obtained by using the filters defined in layer L3 in the selection
criteria. The muons from J/ψ meson candidate that passes L1.L2 filters are selected from
data and simulations. Passing probe muons are those probe muons that pass L3 filters. The
probe muons are divided into many regions depending on their pT and η distribution. In
each region, dimuon (tag and probe muons) invariant mass distribution of the total, passing,
and failing muons is obtained, which is used to calculate the corresponding efficiency. In all
regions, the L3 efficiencies of the muons, separated into four pseudo-rapidity ranges for data
and simulations are shown in black and red points in Fig. 4.4, respectively.
Total Trigger Efficiency
Finally, single muon efficiency is obtained as a product of L1.L2 efficiency and L3 efficiency
as shown in Equ. 4.2
lepton
lepton
lepton
Trigger = L1.L2 · L3

4.3
4.3.1

(4.2)

Acceptance Studies
Decay Boson Polarization

The Z boson in the two-body decay H → Z + J/ψ is polarized resulting in a distinct angular
distribution of the decay leptons l in the subsequent decay Z → l+ l− . Here, l = µ and l = e.
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Figure 4.2: Example of the fitted dimuon invariant mass distribution for J/ψ candidates, in
which probe muons are classified as “passing probes” (green), “failing”(red) and “total”(blue)
using the selection criteria for the L1.L2 efficiency in a particular bin (0 ≤ |η| ≤ 0.9 and
20 ≤ pT ≤ 25 GeV).
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Figure 4.3: Single muon efficiency for L1.L2 trigger in four intervals of |η| for data (black)
and simulations (red) are shown. The transverse momentum ranges from 3 to 200 GeV. The
uncertainties associated in each kinematic regions are also shown.
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Figure 4.4: Single muon efficiency for L3 trigger in four intervals of |η| for data (black)
and simulations (red) are shown. The transverse momentum ranges from 3 to 200 GeV. The
uncertainties associated in each kinematic regions are also shown.
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In the rest frame of the decaying Z boson the normalized l+ polar-angle θl distributions
with respect to the Z flight direction in the laboratory frame (or polarization axis) are given
as [60]:
dN
3
= (1 + λ cos2 θl )
d cos θl
4

(4.3)

with λ = 1 for transversely polarized, and λ = −1 for longitudinally polarized Z bosons,
respectively, when adding the corresponding helicity states. These will result in different
lepton acceptances for the H → ZJ/ψ final states with respect to an isotropic lepton decay.
The helicity angle θh is defined as the angle between the Z boson direction of flight in the
Higgs rest frame and the positive lepton l+ flight direction in the Z boson rest frame. The
normalized helicity angle distribution in the decay H → ZJ/ψ is given as:
dN
3
= (1 + cos2 θh + PL (1 − 3 cos2 θh ))
d cos θh
8

(4.4)

with PL the degree of longitudinal Z polarization. The expected degree of polarization PL
depends on the spin of the decay particles, which here is S → VV with S scalar and V vector.
With zH = mH /mZ and zJ = mJ/ψ /mZ , the PL is given as [60]:
PL =

(z2H − z2J − 1)2
(z2H − z2J − 1)2 + 8z2J

(4.5)

resulting in PL = 0.9883 using central mass values from the particle data group (PDG) [126].
Hence, the Z boson is practically 100% longitudinally polarized, and the helicity angle
distribution and the distribution of the polar angle θl are the same. The distribution of
the helicity angle θh for different extreme polarization assumptions is shown in Fig. 4.5.
The same longitudinal polarization is assumed for all decay vector resonances. The
acceptance has been re-evaluated for the extreme assumptions that both decay bosons
are either isotropically or transversally polarized. The relative change with respect to the
longitudinal case is listed in Tab. 4.3.
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Figure 4.5: Distribution of the cosine of the helicity angle for extreme assumptions about
the vector resonance polarization.
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Table 4.3: Relative change (in percent) of the acceptance with respect to the longitudinal
decay with different assumptions about the polarization of the Higgs decay products.
Channel
H → Z(ll)(J/ψ(µµ))
H → J/ψJ/ψ → 4µ
H → ΥΥ → 4µ
Z → J/ψJ/ψ → 4µ
Z → ΥΥ → 4µ

Isotropic
-20.4
-18.1
-17.5
-22.2
-20.6
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Transverse
-30.2
-26.5
-24.1
- 32.3
-29.9

4.4

Full Detector Simulation

4.4.1

Signal Simulation

Simulated signal event samples are used to estimate efficiency times acceptance (EA) and
approximate the signal shape in the four-muon invariant mass. In this analysis, we assume
the Higgs boson production and decay according to the SM.
Higgs boson into ZJ/ψ or into J/ψ pair or into Υ pair signal
The simulation of the Higgs production and decays proceeds in the following steps:
• Production
The production of the Higgs boson is modeled with the POWHEG − BOX event
generator [122, 86, 33, 32, 123] for the gluon fusion process calculated in QCD up
to next-to-leading order in αS . Calculations include QCD corrections up to NNLO and
QCD soft-gluon resummations up to NNLO logarithms. Quark mass effects are also
taken into account [94]. The NNPDF3.1 [45] parton distribution function are used in
all generated samples.
• Decays
The JHUGen generator [90, 38, 52] version 7.14 is used to decay of the Higgs into ZJ/ψ
or into J/ψ pair or into Υ pair final state. The generator is setup to decay the Higgs
exclusively into two spin-1 Z-boson like particles, and their mass and natural width is
set to the world average values for J/ψ or Υ or Z.

• Rest Event
For all generators, fragmentation, hadronization, and the underlying event have been
modeled using PYTHIA 8.226 [139, 140] with the NNPDF3.1 PDF set.
• Detector
The response of the CMS detector is modeled with the GEANT4 toolkit [31].
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Z into J/ψ pair or to Υ pair signal
The Z boson is simulated with PYTHIA 8.226 as a resonance exclusively decaying into
the quarkonia pairs, and each quarkonium decaying into muons.

Hadronization and

fragmentation are done by using underlying event tune CUETP8M1 [110]. The SM Z boson
production cross-section includes the NNLO QCD contributions and the next-to-leading
order (NLO) electroweak corrections from FEWZ 3.1 [116] calculated using the NLO PDF
set NNPDF3.0. The Z boson pT is reweighted to match the NLO calculation [36, 32, 123].
Mass and width of the Z boson are set to PDG values. The Z boson is a spin-1 particle. The
spin-1 quarkonia in the Z decay can be transversely or longitudinally polarized, depending on
the polarization of the Z boson. The J/ψ and Υ in the simulation are longitudinally polarized.
Finally, the response of the CMS detector is modeled with the GEANT4 toolkit [31].

4.4.2

Vector Boson Fusion

The Higgs production cross-section for vector-boson fusion (VBF) at a cm-energy of 13 TeV
for a Higgs with a mass of 125 GeV constitutes 7.8% of the gluon-gluon fusion (ggH)
production cross-section. We estimate the difference in muon and J/ψ (Υ) acceptance.
Samples of 4,000 events with the Higgs produced via vector-boson fusion (VBF) with
Higgs decaying into four leptons via quarkonium pairs or via Z-boson plus quarkonium was
generated with the JHUGenerator [90, 38, 52] analogous to the ggH process.
• In the J/ψ pair final state, we find that the muon acceptance for VBF is slightly higher
relative to the ggH process resulting in a relative change of the total acceptance by
+0.5%.
• In the Υ pair final state, the change in acceptance is estimated analogously. The relative
change in the total acceptance with respect to the ggH process, only, is +0.6%.
• For the H → ZJ/ψ channel, the relative change in the total acceptance is found to be
+1.4% in case of Z → µµ, and +0.7% in case Z → ee.
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4.4.3

Background Simulation

In this analysis main background is derived solely from the data. Background contributions
from ZZ∗ (i.e. H → ZZ∗ , ZZ∗ ) are studied using simulation listed in Tab. 1.

4.5

Event Selection and Reconstruction

4.5.1

Muons

Muon tracks are reconstructed in the inner tracker and the outer muon system.

The

information from these two subsystems is combined in two ways: Charged particle tracks
reconstructed in the muon system (Standalone Muons) are propagated inward to the tracker.
If a matching tracker track is found a so-called Global Muon is formed merging the two-track
sections into one trajectory that combines the information from hits in the tracker and hits in
the muon detectors. The Tracker Muons are built by propagating tracker tracks outward to
the muon system and identifying reconstructed segments compatible with the extrapolated
tracks. For both types of muons with pT < 200 GeV, the charge and momentum are taken
from the tracker track, since at low momenta the precision of the measurement in the muon
system is limited due to multiple scattering.
In some cases, a single muon can be incorrectly reconstructed as two or more muons. To
reduce such occurrences Tracker Muons that are not Global Muons must be arbitrated. If
two muons share 50% or more of their segments then the muon with the lower quality is
removed.
Muons are identified according to the soft muon criteria. This requires that the tracker
track is matched with at least one muon segment (in any station) in both x and y coordinates
(< 3σ) ( TMOneStationTight) and arbitrated. The number of tracker layers with hits has to
be greater than 5 and includes at least a one-pixel layer. Furthermore, loose transverse and
longitudinal impact parameter criteria are applied with dxy < 0.3 cm and dz < 20 cm with
respect to the primary vertex. To reject bad quality tracks the muon has to be compliant
with the high-purity requirements.
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4.5.2

Electron

The reconstruction of the electron in the CMS detector depends on the track reconstruction
of and measurement of the deposited energy in the ECAL detector. Track reconstruction
for the electron is very challenging due to its large radiative losses in the materials. These
non-Gaussian energy losses follow the BetheHeitler model [29]. The Gaussian Sum Filter
(GSF) method is preferred over the Kalman Filter method [88] for the reconstruction of the
electrons tracks. The characteristics shape of the energy deposited by the electrons emitting
bremsstrahlung radiation in the tracker materials and associating it to one or more clusters
are known as superclusters. These superclusters are expected to spread in a narrow width in
η co-ordinate space over the φ-directions. GSF-based track reconstruction technique is used
to associate the reconstructed tracks along with the measured superclusters, to obtain an
electron candidate. The GSF-based track reconstruction can also be seeded from a general
track that is matched to a single-particle-like cluster, complementing the reconstruction at
low energies at trigger level. Energy corrections via multivariate regression are inserted
after most clustering steps, instead of just inserting one energy regression at the end of
the reconstruction. This is because the intermediate reconstructed objects are also used in
other algorithms, like the CMS particle-flow algorithm [37, 72]. More details on electron
reconstruction can be found in Ref [62].
Reconstructed electrons are now identified and isolated utilizing a Gradient Boosted
Decision Tree (GBDT) multivariate classifier algorithm, which exploits observables from the
electromagnetic cluster, the matching between the cluster and the electron track, observables
based exclusively on tracking measurements as well as particle flow isolation sums. More
details on electron reconstruction and identification can be found in Ref. [63].

4.5.3

Event Reconstruction: Pre-Selection

Dilepton objects are reconstructed with two soft muons or two loose electrons. Leptons having pT greater than 2 GeV, and muon (electron) having |η| < 2.4 (2.5) is selected. Dilepton
invariant mass interval is selected to be within the mass window of mµ+ µ− ∈ [2.80, 3.40] GeV,
mµ+ µ− ∈ [8.0, 12.0] GeV, mµ+ µ− ∈ [70.0, 110.0] GeV for J/ψ meson, Υ meson, and Z boson,
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respectively. In addition, these dileptons must fit a common vertex with a probability greater
than 0.5%. For ZJ/ψ final states, events with at least one Z boson candidate and one J/ψ
meson candidate are selected. Similarly, Events having at least two J/ψ meson candidates
or at least two Υ meson candidates are selected for quarkonium final state. Furthermore,
two dilepton candidates must fit to a common vertex with a probability greater than 0.5%.
The selection described above comprises the so-called pre-selection stage.

4.5.4

Quality criteria: Z boson and J/ψ Meson Final State

Additional quality criteria are applied to optimize signal efficiency and suppress background
data. Lepton acceptance is defined with pT greater than 3 GeV and |η| < 2.4(2.5) for
muon (electron). Electron isolation is applied in electron identification. The sum of the
p
pT of the reconstructed inner-detector tracks within ∆R = (∆φ)2 + (∆η)2 = 0.3 of the
leading muon is required to be less than 50% of the muon pT . The transverse momentum
of the inner-detector track associated with the leading muon is subtracted from the sum
and the subleading muon is also subtracted if it falls within the isolation cone. To reduce
the contribution from non-prompt lepton, we select dilepton objects with vertex probability
greater than 1%. Dilepton candidates having pT greater than 5 GeV should fall within the
mass interval [3.0–3.2] GeV and [80–100] GeV for J/ψ and Z candidate respectively. Four
lepton candidates should have pT greater than 5 GeV with four-lepton vertexing greater
than 1%. Furthermore, an events with a dedicated trigger in a four-muon mass range of 112
to 142 GeV is selected. We have covered the Higgs signal region [120-130] GeV (blinded
analysis) until the background model and systematics are established to reduce the possible
bias. Reconstruction tables with described selection criteria in both data and signal MC
simulation are shown in Tab. 4.5 and in Tab. 4.4, respectively.
Dilepton spectrum within the mass window of J/ψ meson and Z boson after preselection
are shown in Fig 4.6. Also, pT distribution of leptons from Z boson signal and J/ψ meson
signal in generator level and in reconstruction level are shown in Fig. 4.7.
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Table 4.4: Event reduction for the succession of requirements on MC simulation.
Simulation
Requirement
Generated Events
Pre-Selection
Trigger
Lepton acceptance + Isolation
Dilepton vertex probability
Dilepton pT
Four lepton pT
Four lepton vertex probability
Dilepton Mass
4l mass range (112-142) GeV

H → ZJ/ψ → 4µ
Event surviving
10000
3700
3563
3455
3392
3349
3214
3154
2802
2797
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H → ZJ/ψ → 2e2µ
Event surviving
10000
3571
3041
2979
2923
2891
2784
2741
2461
2453

Table 4.5: Event reduction for the succession of requirements on Run 2 dataset.
Run 2 Data
Requirements
Preselection
Trigger
Muon acceptance + Isolation + Blind
Dilepton vertex probability
Dilepton pT
Four lepton pT
Four lepton vertex probability
Dilepton Mass
4l mass range (112-142) GeV

H → ZJ/ψ → 4µ
Event surviving
2321
1608
1299
1270
1235
1154
1112
519
164
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H → ZJ/ψ → 2e2µ
Event surviving
1709
1520
833
812
784
749
730
365
124
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Figure 4.6: The mass spectrum of reconstructed dimuon candidate within mass
window of [2.8, 3.4] GeV and [70, 110] GeV for J/ψ meson (left) and Z boson (right)
in H → ZJ/ψ → µ+ µ− µ+ µ− simulation (top) and in H → ZJ/ψ → e+ e− µ+ µ− simulation
(bottom), respectively. Dilepton mass background is modeled with exponential function
and dilepton mass signal shapes are taken from simulated H → ZJ/ψ signal MC.

71

pT (μ) GeV [From J/𝜓]

pT (μ) GeV [From Z]

(a)

(b)

pT (μ) GeV [From J/𝜓]

pT (μ) GeV [From Z]

(c)

(d)

pT (μ) GeV [From J/𝜓]

pT (e) GeV [From Z]

(e)

(f)

Figure 4.7: The muon pT from Z boson (left) and J/ψ meson (right) sorted by their
pT in a event from H → ZJ/ψ → 4µ signal simulation after generation (a,b) and after
full reconstruction (c,d). Electron pT from Z boson (left) and muon pT from J/ψ meson
(right) sorted by their pT in a event from H → ZJ/ψ → 2e2µ signal simulation after full
reconstruction (e,f).
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4.5.5

Additional Quality Criteria: Quarkonium Pair Final State

Additional quality criteria specific to quarkonium final states are applied to optimize signal
efficiency and suppress background data. Most of these optimization cuts are already applied
in Ref. [65]. Muon acceptance is defined with muon pT greater than 3 GeV (4 GeV) and
|η| < 2.4 for J/ψ (Υ) pair channel. To reduce the contribution from non-prompt dimuon,
we select J/ψ ( Υ ) candidate with vertex probability greater than 0.5%(1%). J/ψ (Υ)
candidate having pT greater than 3.5 (5) GeV should fall within the mass interval [3.0–3.2]
GeV, [2.95–3.25] GeV and [9.0–10.7] GeV for high pT J/ψ, low pT J/ψ, and Υ candidate
respectively. Four-muon candidates should have four-muon vertexing greater than 5%(1%)
for J/ψ ( Υ ) pair final state. Customized optimization cuts for the Υ pair final states are
applied to suppress background from wider dimuon mass range. The absolute difference
between the azimuthal angle of two Υ and the absolute value of four muon rapidity in Υ
pair channel is required to be greater than 1 and less than 1.7, respectively.
In addition, the rapidity difference between two J/ψ (Υ) candidates should be less than
3(2.3). Furthermore, events with a dedicated trigger in the four-muon mass range of 40 to
140 GeV are selected. To reduce possible bias, we have covered the Higgs signal region [120–
130] GeV and Z signal region [80–100] GeV (blinded analysis) until the background model
and systematics are established. Reconstruction tables with described selection criteria in
both data and signal MC simulation are shown in Tab. 4.7 and in Tab. 4.6 respectively. Same
reconstruction and optimization cuts are applied for the decays of the Higgs and Z boson
into Υ(2S)Υ(2S) or Υ(3S)Υ(3S) states. Simulated signal for the final state H → Υ(2S)Υ(2S),
H → Υ(3S)Υ(3S), Z → Υ(2S)Υ(2S), and Z → Υ(3S)Υ(3S) are also used to calculate EA of
these channels. Details of EA calculation are described in Sec. 4.6.

4.5.6

Υ(1S)Υ(1S) Reconstruction

Channel H → ΥΥ assumed Υ to be Υ(nS), and it included feeddown from Υ(nS) states,
where n = 1, 2, 3. We found the production of Υ(1S)Υ(1S) dominates ΥΥ final states, which
motivates us to investigate Υ(1S)Υ(1S) final state.
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Figure 4.8: Top: The dimuon invariant mass distribution for the H → Υ(ns)Υ(ms) channel
in data (left) and in simulation (right) after pre-selection is shown, where simulated Υ(1S),
Υ(2S) and Υ(3S) are shown in black, red and green, respectively. Bottom: The dimuon
invariant mass spectrum for channel H → J/ψJ/ψ in data (left) and in simulation (right)
after pre-selection is shown, where high pT -J/ψ is shown in blue and low pT -J/ψ is shown in
black. The horizontal line shows the reconstruction cut applied during further optimization.
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Table 4.6: Event reduction for the succession of requirements on Data and MC simulation
for charmonium channels.
Simulation
Requirement
Generated Events
Pre-Selection
Trigger
Muon + J/ψ acceptance
Four muon vertex probability
m4µ > 30 GeV + Blind
Dimuon Mass
Muon Isolation
Rapidity difference between J/ψ
4l mass range (40–140) GeV

H → J/ψJ/ψ
Event surviving
10568
4043
3440
3411
3107
3107
2862
2855
2822
2822
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Z → J/ψJ/ψ
Event surviving
8606
2715
2335
2277
2061
2061
2022
2015
2001
1987

J/ψJ/ψ Channel
Run 2 Data
Run 2 Data
35831
32354
15538
13087
2657
2206
1998
1636
704

Table 4.7: Event reduction for the succession of requirements on Data and MC simulation
for bottomonium channels.
Simulation
H → Υ(1S)Υ(1S)
Requirement
Event surviving
Generated Events
10000
Pre-Selection + Muon Isolation
4471
Trigger
3917
Lepton acceptance + Blind
3803
Dilepton vertex probability
3670
Dilepton pT
3668
Dlepton Mass
3343
Rapidity difference between Υ
3158
Azimuthal-angle difference between Υ 3085
Four lepton pT
2958
Four lepton vertex probability
2911
Four lepton rapidity
2769
4l mass range (40–140) GeV
2769
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Z → Υ(1S)Υ(1S)
Event surviving
5000
1716
1527
1327
1281
1279
1200
1171
1081
1024
1006
959
952

ΥΥ Channel
Run 2 Data
89625
72546
5521
5133
2251
777
746
434
351
341
327
59

For the reconstruction of Υ(1S)Υ(1S) final state, the dimuon mass of the Υ candidate
is required to be within [9.0-9.7] GeV. Figure 4.9 shows the high pT and low pT Υ mass
spectrum before dimuon cut. The efficiency times acceptance with new reconstruction was
found to be 28.3 % and 25.8 % for H → Υ(1S)Υ(1S) and Z → Υ(1S)Υ(1S) respectively.

4.5.7

Additional Channels: Feedown Channels

Higgs boson might decays into higher quarkonium final states (XQ0 ) such as Zψ(2S),
ψ(2S)ψ(2S), J/ψψ(2S), J/ψχ1 , J/ψχ2 . The study of these final states is very challenging
in leptonic final states due to the small branching fraction of X or Q0 . On the other hand,
X or Q’ often decays to J/ψ, which decays to leptons more frequently. In this analysis,
we are considering ψ(2S) → J/ψ feeddown channel to study ZQ0 and Q0 Q0 final states.
Because ψ(2S) → J/ψππ decay branching fraction is more than 60%, reconstruction through
feeddown channel increases sensitivity. For e.g: ψ(2S) → J/ψ → 2µ channel has 4.6 times
bigger BF than ψ(2S) → 2µ channel. We are only reconstructing leptons. This increases the
resolution of the signal, and hence increases the sensitivity of the channel.

4.6

Efficiency Times Acceptance

The simulated event samples in each channel are reconstructed through the specific
reconstruction program (discussed in Sec. 4.4.1) to obtain efficiency times acceptance (EA).
To address different CMS conditions (including pileup scenarios and triggers), a separate
simulation based on each year’s condition and triggers was done. The EAs in each year are
shown in Tab. 4.8, which are scaled for longitudinal(isotropic) polarization for the Higgs (Z)
boson decay channels. EA for 2018 is higher than those of 2016 and 2017, as expected given
the better quality of the tracking introduced by the new pixel detector and the optimized
trigger. Reference [69] has already observed this feature in their analysis. In case of the
ΥΥ channels, besides the decay into Υ(1S)Υ(1S) for both bosons, the combined decays
Υ(mS)Υ(nS) are searched for by selecting the dimuon mass range to include all three Υ
states. The EA for the Higgs and Z boson decays into the different combinations of Υ pairs
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Figure 4.9: Reconstructed di-muon mass spectrum before di-muon mass cut. Red lines
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Table 4.8: Efficiency times acceptance in each year 2016, 2017 and 2018.
Channels
EA(2016)
EA(2017)
EA(2018)
Quarkonium Channels
H → J/ψJ/ψ → 4µ
26.6 ± 0.4
26.7 ± 0.4 32.9 ± 0.81
H → Υ(1S)Υ(1S) → 4µ
27.2 ± 0.7
27.7 ± 0.5 32.3 ± 0.80
Z → J/ψJ/ψ → 4µ
29.3 ± 0.5
29.7 ± 0.5 35.7 ± 0.75
Z → Υ(1S)Υ(1S) → 4µ
25.4 ±0.6
23.9 ±0.6 28.7 ± 0.68
ZJ/ψ Channels
H → ZJ/ψ → 4µ
28.20 ± 0.75 27.97 ± 0.53 33.10 ± 0.81
H → ZJ/ψ → 2e2µ
22.5 ± 0.67 24.5 ± 0.49 27.7 ± 0.74
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Table 4.9: Efficiency times acceptance assuming longitudinal polarization.
Channel
Higgs Boson Channels
H → J/ψZ → µ+ µ− µ+ µ−
H → J/ψZ → e+ e− µ+ µ−
H → J/ψJ/ψ → µ+ µ− µ+ µ−
H → ΥΥ → µ+ µ− µ+ µ−
H → Υ(1S)Υ(1S) → µ+ µ− µ+ µ−
Z Boson Channels
Z → J/ψJ/ψ → µ+ µ− µ+ µ−
Z → ΥΥ → µ+ µ− µ+ µ−
Z → Υ(1S)Υ(1S) → µ+ µ− µ+ µ−
Feeddown Channels
H → ψ(2S)Z → J/ψZ → µ+ µ− µ+ µ−
H → ψ(2S)Z → J/ψZ → e+ e− µ+ µ−
H → J/ψψ(2S) → J/ψJ/ψ → µ+ µ− µ+ µ−
H → ψ(2S)ψ(2S) → J/ψJ/ψ → µ+ µ− µ+ µ−
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EA [%]
30.3
25.4
29.5
31.1
28.3
32.3
27.8
25.8
28.9
22.4
26.1
21.9

was found to be 5% higher than the decay into Υ(1S)Υ(1S), only. The luminosity averaged
Run 2 EA for all channels are listed in Tab. 4.9.

4.7
4.7.1

Signal Models
Higgs Boson Signal Model

Events of the different final states are simulated (see Sec. 4.4.1).

The four-lepton

invariant mass distribution from the signal simulation is modeled using combinations of
Gaussian (shown in Equ. 4.6) and Crystalball (CB) functions (shown in Equ. 4.7). The
four lepton mass spectrum from H → ZJ/ψ → 4µ and H → ZJ/ψ → 2e2µ channels are
modeled with Gaussian plus CB and double CB function, respectively. The quarkonium
channels, H → J/ψJ/ψ and H → ΥΥ channels are modeled with double Gaussian functions and Gaussian plus CB functions, respectively.

Selected signal shapes and signal

parameters for these channels are listed in Tab. 4.10.

Signals shapes in case of feed-

down channel H → Zψ(2S) → ZJ/ψ → 4µ (H → Zψ(2S) → ZJ/ψ → 4µ) is selected to be
CB (CB plus Gaussian) function. Furthermore, signals from quarkonium feed-down channels
(H → J/ψψ(2S) → J/ψJ/ψ → 4µ and H → ψ(2S)ψ(2S) → J/ψJ/ψ → 4µ) are modeled with
Gaussian function. Signals shape and its parameters for feed-down channels are tabulated
in Tab. 4.11. Figure 4.10 shows the simulated events fitted with the signal model.
G(x) = A · exp

−

(x−a)2
2
2σx

(4.6)

where, a is mean, σx is the standard deviation of the distribution and A is a constant.
−

C · exp

CB(x) =
D · (E −

(x−a)2
2
2σx

x−a −n
)
σx

for x−a
> −α
σx

(4.7)

for x−a
≤ −α
σx

where a is mean, σx is the standard deviation of the distribution. The cutoff parameter,
which decides the portion of Gaussian and Power law function, is α. The power of the Power
law distribution is n and C, D, and E are constants.
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Table 4.10: Higgs boson signal model parameters in each channels.
H → ZJ/ψ → µ+ µ− µ+ µ−
mean
sigma
alpha
n
mean
sigma

Higgs Boson Model Parameter: Crystalball Function
124.84 ± 0.03 GeV
1.19 ± 0.03 GeV
1.88 ± 0.04
1
Higgs Boson Model Parameter: Gaussian
124.84 ± 0.03 GeV
3.35 ± 0.56 GeV
Fraction : 0.96 ± 0.02

H → ZJ/ψ → e+ e− µ+ µ−
mean
sigma
alpha
n
mean
sigma
alpha
n

Higgs Boson Model Parameter: Crystalball Function
124.48 ± 0.07 GeV
2.61 ± 0.15 GeV
5.00 ± 1.49
1
Higgs Boson Model Parameter: Crystalball Function
124.48 ± 0.07 GeV
1.35 ± 0.10 GeV
1.65 ± 0.10
1
Fraction : 0.41 ± 0.07

H → J/ψJ/ψ → µ+ µ− µ+ µ−
mean
sigma
mean
sigma

Higgs Boson Model Parameter: Gaussian
124.83 ± 0.02 GeV
1.88 ± 0.20 GeV
Higgs Boson Model Parameter: Gaussian
124.83 ± 0.02 GeV
0.89 ± 0.04 GeV
Fraction : 0.18 ± 0.05

H → ΥΥ → µ+ µ− µ+ µ−
mean
sigma
alpha
n
mean
sigma

Higgs Boson Model Parameter: Crystalball Function
124.78 ± 0.02 GeV
0.97 ± 0.03 GeV
2.00 ± 0.04
1
Higgs Boson Model Parameter: Gaussian
124.78 ± 0.02 GeV
2.12 ± 0.19 GeV
Fraction : 0.86 ± 0.04
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Table 4.11: The signal models and their parameters in the channels where one (or both)
of the J/ψ is a result of ψ(2S) → J/ψX decay, also named as feeddown channel are listed.
Channel
H → Zψ(2S) → ZJ/ψ → 4µ
Crystalball Function parameters
mean
sigma
alpha
H → Zψ(2S) → ZJ/ψ → 2e2µ
Crystalball plus Gaussian Parameters
mean
sigmaCB
alphaCB
sigmaGauss
fractionCB (%)
H → ψ(2S)J/ψ → J/ψJ/ψ → 4µ
Gaussian Parameters
mean
sigma
H → ψ(2S)ψ(2S) → J/ψJ/ψ → 4µ
Gaussian Parameters
mean
sigma
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120.17 ± 0.05
2.43 ± 0.04
2.45 ± 0.13

119.43 ± 0.07
2.44 ± 0.12
1.73 ± 0.12
4.14 ± 0.55
82.13 ± 10.49

114.8 ± 0.1
3.96 ± 0.08

106.2 ± 0.2
4.70 ± 0.1
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Figure 4.10: Four lepton Higgs boson candidate signals reconstructed in this analysis are
shown. The simulated event samples are shown in black dot with the associated statistical
uncertainties and the signal model PDFs are shown in blue line.
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4.7.2

Z Boson Signal Model

The distribution in four-muon invariant mass for the Z signal in the range 110 < m4l < 140
GeV, described with a Voigtian function is shown in Fig. 4.11. The values for mass and
width are taken from PDG [126]. The resolution is determined to be about 0.89 GeV and
0.85 GeV from the fit to the simulation for J/ψ-pair and Υ-pair channels respectively.

4.7.3

Higgs Boson and Z Boson Signal Shape Variation in Each
Year

To address different CMS conditions (including pileup scenarios and triggers) in each
year, separate simulations based on each year’s condition and triggers were simulated and
reconstructed, to obtain the corresponding signal model. The variation in the signal shapes
in the different channels due to different year’s conditions are obtained by fitting signal model
parameters in each year. The simulated samples in each year are fitted with the signal model
(discussed in Sec. 4.7) to obtain the fit parameters listed in Tab 4.12.

4.8

Background Model

In all channels, the background is solely derived from data. The background to this search,
consisting mainly of associated production and Drell-Yan events, is modeled using the
analytic function. Final extraction fit with the blinded dataset is done to determine all
the parameters of these analytic functions. In data, we observe an exponential decrease
in the ZJ/ψ, J/ψJ/ψ, and ΥΥ invariant mass distribution. The functional forms, which
best describe observed four-lepton invariant mass distribution, are taken as the background
models. While there are expectations concerting sources of background, no efforts were made
to isolate individual background sources. E.g. associated production is expected to have a
dominant contribution from single and double parton scattering [111, 108, 136].
Best fitted exponential plus uniform distribution (Equ. 4.8), is taken as background
shape for ZJ/ψ and J/ψJ/ψ channel. ΥΥ and Υ(1S)Υ(1S) channels are best fitted with an
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Figure 4.11: Four lepton Z boson candidate signals reconstructed in this analysis are
shown. The simulated event samples are shown in black dot with the associated statistical
uncertainties and the signal model PDFs are shown in blue line.
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Table 4.12: Signal shape parameters in different year for all the main channels studied in
this analysis.
Channel
Year
2016
2017
2018
Channel
Year
2016
2017
2018
Channel
Year
2016
2017
2018
Channel
Year
2016
2017
2018
Channel
Year
2016
2017
2018
Channel
Year
2016
2017
2018

H → ZJ/ψ
mean
124.87 ± 0.04
124.84 ± 0.03
124.79 ± 0.03
H → ZJ/ψ
mean
124.47 ± 0.07
124.48 ± 0.07
124.27 ± 0.05
H → J/ψJ/ψ
mean
124.85 ± 0.02
124.83 ± 0.02
124.81 ± 0.03
H → ΥΥ
mean
124.82 ± 0.02
124.78 ± 0.02
124.77 ± 0.03
Z → J/ψJ/ψ
sigma
0.91 ± 0.07
0.89 ± 0.08
0.86 ± 0.08
Z → ΥΥ
sigma
0.97 ± 0.11
0.85 ± 0.12
0.76 ± 0.10

→ 4µ
sigmaG
2.77 ± 0.43
3.35 ± 0.56
2.90 ± 0.32
→ 2e2µ
sigmaCB1
2.47 ± 0.13
2.61 ± 0.15
2.61 ± 0.11
→ 4µ
sigmaG1
1.72 ± 0.14
1.88 ± 0.20
1.77 ± 0.18
→ 4µ
sigmaG
2.21 ± 0.18
2.12 ± 0.19
1.68 ± 0.14
→ 4µ

sigmaCB
alphaCB
fraction
1.11 ± 0.05 2.05 ± 0.08 0.85 ± 0.02
1.19 ± 0.03 1.88 ± 0.04 0.96 ± 0.02
1.09 ± 0.05 2.06 ± 0.08 0.87 ± 0.03
alphaCB1
sigmaCB2
alphaCB2
5.34 ± 1.53 1.21 ± 0.08 1.51 ± 0.11
5.00 ± 1.49 1.35 ± 0.10 1.65 ± 0.10
5.60 ± 1.52 1.28 ± 0.06 1.56 ± 0.07
sigmaG2
fraction
0.83 ± 0.06 0.34 ± 0.09
0.89 ± 0.04 0.18 ± 0.05
0.86 ± 0.06 0.30 ± 0.09
sigmaCB
alphaCB
fraction
1.01 ± 0.03 1.93 ± 0.05 0.84 ± 0.04
0.97 ± 0.03 2.00 ± 0.04 0.86 ± 0.04
0.92 ± 0.06 2.41 ± 0.13 0.69 ± 0.10

→ 4µ
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exponential function (Equ. 4.9), is taken as background shape.
F(x) = f × ecx + (1 − f) × Uniform

(4.8)

F(x) = ecx

(4.9)

The slope c for the exponential and fraction f of an exponential function is varied in the
fit. In the case of the ZJ/ψ channel, slope and fraction from the fit are −0.20 ± 0.08 and
0.25 ± 0.07, respectively. Similarly, in the case of the J/ψJ/ψ channel, slope and fraction
from the fit are −0.09±0.004 and 0.99±0.009, respectively. Finally, for ΥΥ and Υ(1S)Υ(1S)
channel, the slope from the fit is −0.118 ± 0.014 and −0.143 ± 0.034 respectively.

4.8.1

Possible Bias Due to the Choice of the Background Function

The suitable background for the side-band data distribution is selected based on the fit
parameters and fit quality. Five different PDFs (combinations of PDFs) are tested in
each channel and the best-fitted PDF is used as a background model-main background
function. The second best function (combinations of functions) is used for further study
of the possible bias-alternate background function. The fit results for all five PDFs for
the channel ZJ/ψ → 4µ and ZJ/ψ → 2e2µ are shown in Tab. 2 and Tab. 3, respectively.
Similarly, fit results for all five PDFs for the channel J/ψJ/ψ → 4µ are shown in Tab. 4.
In the case of ZJ/ψ channels, expected yield from the main background function
(exponential plus uniform function) and the alternate background function (Chebychev
function of 2nd order) around the Higgs boson mass (120-130 GeV) is obtained. Expected
events from the exponential plus Uniform function are found to be 69.3 ± 6.7 for four-muon
channels and 55.6 ± 11.7 for the two-muon-two-electron channel, respectively. Similarly,
expected events from the Chebychev function are found to be 69.7 ± 6.2 for four-muon
channels and 55.5 ± 6.1 for the two-muon two-electron channel respectively. The proposed
function and the alternate function with uncertainty bands are shown in Fig. 4.12.
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Figure 4.12: Proposed background (blue line) with its uncertainty (red fill) and alternate
background (black line) with its uncertainty (green fill) around the Higgs boson mass is
shown for H → ZJ/ψ → 4µ (top) and H → ZJ/ψ → 2e2µ (bottom) channel.
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For the study of J/ψJ/ψ channels, expected yield from the main background function
(exponential plus uniform function) and the alternate background function (exponential
only) around the Higgs boson mass (120-130 GeV) is obtained. Expected events from
exponential plus uniform function and exponential only function are found to be 0.58 ± 0.28
and 0.39 ± 0.1 respectively.

The proposed function and the alternate function with

uncertainty bands are shown in Fig. 4.13.
In the case of the ΥΥ channel, possible bias due to the choice of the background function
is probed using the power-law function (A. x1n ) as an alternate function, where A and n are
the floating parameters. The change in upper limit in branching fractions due to alternate
function is less than 2 %. The expected background events in the Higgs signal region is found
to be 0.00 ± 0.00 and 0.03 ± 0.03 events for the main background and alternate background
respectively.
Furthermore, change in the upper limit for the change in background function from main
background function to alternate background in all channels was found negligible. Hence,
no bias is observed due to the choice of the background function.

4.8.2

Background from ZZ∗ Phase Space

Other possible backgrounds from the ZZ∗ phase space are also inspected. The study of all
these backgrounds is summarized in this section.
Higgs to ZZ∗ Background
The background channel, which may mimic the signal Higgs boson is H → ZZ∗ . Million
H → ZZ∗ events are simulated and reconstructed. The reconstructed dilepton and fourlepton mass spectrum after pre-selection is shown in Fig.1. After full reconstruction, EA for
H → ZZ∗ was about 3.3×10−5 and 2.2×10−5 for ZJ/ψ → µ+ µ− µ+ µ− and ZJ/ψ → e+ e− µ+ µ−
channel respectively.

With the cross-section times branching fraction of 12.18 fb, the

expected yield is 0.06 and 0.04 for ZJ/ψ → µ+ µ− µ+ µ− and ZJ/ψ → e+ e− µ+ µ− channel
respectively. In our analysis, the contribution from the H → ZZ∗ channel into the H → ZJ/ψ
channel is neglected.
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Figure 4.13: Proposed background (blue line) with its uncertainty (red fill) and alternate
background (black line) with its uncertainty (green fill) around the Higgs boson mass is
shown for H → J/ψJ/ψ → 4µ channel.
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Gluon Gluon to ZZ∗ Background
The contribution on ZJ/ψ phase space from gluon gluon to ZZ∗ is also inspected. About
395 thousand gg → ZZ∗ simulated events are reconstructed. Dimuon and four-muon mass
spectrum after pre-selection is shown in Fig. 2. After full reconstruction, expected events in
ZJ/ψ phase space from gg → ZZ∗ channel were found to be very small.
qq to ZZ∗ Background
Background contribution from quark-antiquark annihilation to ZZ∗ is also inspected using 3
million qq → ZZ∗ simulated samples. The dimuon and four-muon mass spectrum after preselection is shown in Fig. 3. Expected events in ZJ/ψ phase space from qq → ZZ∗ channel
were found to be very small.

4.9

Systematic Uncertainties

4.9.1

Systematic Uncertainties: ZJ/ψ Channel

The non-resonant background parameters were derived from data.

A possible bias in

the choice of the background parameterization was probed with alternative functional
forms. Systematic uncertainties due to incomplete knowledge of the detector simulation and
theoretical prediction on signal production mechanism may affect the upper limits. They
were evaluated by varying contributing sources within their established uncertainties.
The following uncertainties were considered:
• Luminosity and Branching Ratios
The relative uncertainty on the integrated luminosity is 1.6% for Run 2 statistics [4].
The uncertainties on the J/ψ meson and Z boson decay branching ratios are taken
from Ref. [126].
• Trigger Efficiency
Trigger efficiency was calculated to be more than 96% and 89 % for H → ZJ/ψ → µ+ µ− µ+ µ−
and H → ZJ/ψ → e+ e− µ+ µ− events. For muon channel, trigger efficiency uncertainty
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of 1% is suggested by muon POG [7]. In the electron channel, we also used a 1% trigger
efficiency uncertainty.
• Muon reconstruction and identification
The single muon reconstruction and identification efficiency table for soft-muon criteria
are provided here:
https://twiki.cern.ch/twiki/bin/view/CMS/MuonReferenceEffsRun2
The data and MC efficiency tables are integrated with our signal MC events. Then,
event efficiency was obtained as the product of all individual single muon efficiency.
The scale factor for each event was calculated as the ratio of event efficiency from data
and MC for the simulated and reconstructed events. The mean ratio was found to be
greater than 0.99 with an uncertainty of less than 2%.
• Muon Isolation
Muon isolation efficiency is calculated to be more than 99%. Data and simulation for
the loose isolation (relative tracker isolation < 0.1) is found to be in good agreement,
scale factor 1.00 with the uncertainty of less than 0.5 % [13]. This analysis requires more
open isolation criteria (relative tracker isolation < 0.5) than loose isolation. Therefore,
100% scale factor with uncertainty less than 0.5 % is expected.
• Electron reconstruction, identification, and isolation
We use the standard electron selection, which uses a multivariate electron identification
discriminant for electron identification and includes as input isolation variables.
Therefore, no additional scaling for isolation is applied. The scale factors between data
and Monte Carlo efficiencies are taken from the dedicated electron group in CMS-EGM
POG [9]. They are averaged over signal MC events and found to be greater than 0.99
with an uncertainty of less than 2%.
• Signal Model
1. The distributions of the Higgs boson signals in m4l were obtained from fits to
signal MC events, and parameters were fixed in the likelihood fit. The signal
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parameters were varied by one standard deviation to evaluate their impact on the
upper limits.
2. A relative uncertainty was included to account for the change of the signal
shape parameters in each year. The details of the change in shape parameters
are explained in Sec. 4.7.3. The relative change in upper limit in branching
fractions due to different shape parameters are found to be 2%, which is taken as
uncertainty.
• Uncertainty from the Combination of 3 Year
The upper limit in branching fraction in this channel is obtained by combining Run
2 data. The uncertainty associated due to the combination of three years of data is
obtained, which is mainly due to the change in CMS detector conditions, PU scenarios,
and triggers. The relative difference in upper limit in two cases: first doing three years
combined and second by doing each year separately.
• Lepton Resolution and Momentum Scale
The change in the resonance mass was measured from the J/ψ and Z di-lepton signals,
in data and Monte Carlo. We find that the relative shift between the reconstructed
MC signals and the signals in data when fitted with the same parameterization is at
about 0.2% (PDG values were generated). We conservatively assume that combining
the signals leads to a 0.4% relative shift of the Higgs mass. Repeating the upper limit
extraction with this shifted Higgs moves the upper limit by less than 1% in the 4µ
final states (3% in the (Z → ee, and J/ψ → µµ) channel). We adopted the 1% and
3% uncertainties due to the lepton momentum scale and resolution in 4µ and the 2e2µ
final states, respectively.
• Four-Lepton Vertexing
The difference in four lepton vertexing efficiency in data and simulation was estimated,
and a relative difference of 2% and 1% was adopted as systematic uncertainty for
ZJψ → 4µ and ZJ/ψ → 2e2µ channel respectively.
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• Theory
Sources for theoretical uncertainties are
– Parton distribution function choice and coupling constant (αS );
– Quantum Chromodynamics (QCD) renormalization and factorization scale.
Estimates for these uncertainties are taken from the Higgs Combination group [2] and
the analysis [20], and are listed in Tab. 4.13.

4.9.2

Systematic Uncertainties: Quarkonium Channels

The non-resonant background parameters are derived from data. A possible bias in the
choice of the background parameterization is probed with alternative functional forms and
found to be negligible.
Systematic uncertainties due to incomplete knowledge of the detector simulation and
theoretical prediction on signal production mechanism may affect the upper limits. They
are evaluated by varying contributing sources within their established uncertainties.
The uncertainties considered in this channel is the same as in Ref. [65]:
• Luminosity and Branching Ratios
The relative uncertainty on the integrated luminosity is 1.6% [4]. The uncertainties on
the J/ψ and Υ meson decay branching ratios are taken from Ref. [126].
• Trigger Efficiency
A scale factor is applied to simulated events to compensate for differences in efficiency
with respect to data. The relative uncertainty in the trigger efficiency is found to be
3%. It includes the uncertainty of the T&P tables and the deviation between full event
efficiency and efficiency evaluated from the single muon efficiencies (closure).
• Muon reconstruction and identification
The efficiency for muon reconstruction and identification is obtained from simulation
and compared to calculations obtained with data control samples. A scale factor is
applied to simulated events to correct for the difference. The relative uncertainty
95

Table 4.13: Theory systematic uncertainties.
Source
SM H boson cross section scale
SM H boson cross section parton distribution function and αS
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Rel. Uncertainty [%]
+4.6 / -6.7
±3.2

is found to be 2% for both bosons. For the four-muon vertexing, we assign a 3%
uncertainty accounting for the difference in efficiency between data and MC simulation
obtained with a J/ψ pair data control sample.
• Muon Isolation
Muon isolation efficiency is calculated to be more than 99%. Data and simulation for
the loose isolation (relative tracker isolation < 0.1) is found to be in good agreement,
scale factor 1.00 with an uncertainty of less than 0.5 % [13]. This analysis requires more
open isolation criteria (relative tracker isolation < 0.5) than loose isolation. Therefore,
100% scale factor with uncertainty less than 0.5 % is expected.
• Signal Model
1. The distributions of the Higgs boson signals in m4µ were obtained from fits to
signal MC events, and parameters were fixed in the likelihood fit. The signal
parameters were varied by one standard deviation to evaluate their impact on the
upper limits.
2. A relative uncertainty was included to account for the change of the signal shape
parameters in each year. The details of the change in shape parameters are
explained in Sec. 4.7.3. The relative change in upper limit in branching fractions
due to different shape parameters are found to be 1 %, is taken as uncertainty.
• Uncertainty from the Combination of 3 Year
The upper limit in branching fraction in this channel is obtained by combining Run
2 data. The uncertainty associated due to the combination of three years of data is
obtained, which is mainly due to the change in CMS detector conditions, PU scenarios,
and triggers. The relative difference in upper limit in two cases: first doing three years
combined and second by doing each year separately.
• Muon Resolution and Momentum Scale
To account for the imprecision in muon resolution and momentum scale the Gaussian
width and the mass mean are varied in the calculation of upper limits. We probe the
explicit dependence of the upper limits by moving the mass means of Z and Higgs in
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the four-muon invariant mass by -1 GeV (toward increasing background contribution)
and simultaneously increasing the resolution by +10%. The relative change in the
upper limit is less than 1%.
• Four-Muon Vertexing
We estimate the difference in the event reduction data versus Monte Carlo due to
the 4-muon vertexing requirement in the Z → J/ψJ/ψ channel. We create a control
sample of signal-like events from data. After the applying the standard pre-selection
and acceptance criteria, we further require that the dimuon invariant masses for
candidate J/ψ lie within three standard deviations of the mean mass, and the dimuon
vertex probability exceeds 1%. We introduce the variable distance significance (dJ/ψ)
that is defined as the 3D separation length between two J/ψ vertices of a J/ψ pair
candidate, divided by the uncertainty propagated from the two individual dimuon
vertices. We require dJ/ψ < 2, which retains 2,467 events in data. We prepare the
MC sample analogously, obtaining 1,762 events. For both samples, the 4-muon vertex
fit probability is then required to be greater than 5%. The efficiency for this criterion
is found to be 93 ± 2% in data and 96 ± 2% in MC. The relative difference of about
3% is adopted as a systematic uncertainty.
• Theory
Sources for theoretical uncertainties are
– Parton distribution function choice and αS ;
– QCD renormalization and factorization scale.
Estimates for these uncertainties are taken from the Higgs Combination group [2] and
the analysis [20], and are listed in Tab. 4.14.

4.10

Results

The upper limits were set at 95% confidence level with the CLs modified frequentist
formalism [130, 102, 42] (HybridNew method) by using the Higgs Combination tool [143],
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Table 4.14: Theory systematic uncertainties.
Source
SM H boson
SM H boson
SM Z boson
SM Z boson

cross
cross
cross
cross

section
section
section
section

scale
parton distribution function and αS
scale
parton distribution function and αS
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Rel. Uncertainty [%]
+4.6 / -6.7
±3.2
±3.5
±1.73

based on the models of the signal and background. Several systematic uncertainties described
in Sec. 4.9.1 are incorporated in the likelihood as nuisance parameters. The expected upper
limit is evaluated with a background-only hypothesis. The yield is defined such that it is
proportional to the signal cross-section.
The analysis techniques in this analysis are similar to the techniques used in previous
quarkonium analysis [65]. The observed upper limits in all final states are calculated at the
95% confidence level utilizing the unbinned maximum likelihood fits to data. The Equ. 1.8
would be modified to Equ. 4.10 to provide the Higgs boson production cross-section times
branching fraction.
σ × BF =

N0.95
EA · L · B(V → l+ l− ) · B(V → µ+ µ− )

(4.10)

where
• N0.95 is the yield corresponding to the 95% confidence level;
• L the integrated luminosity;
• EA is the efficiency times acceptance obtained from simulation;
• V is either Z or J/ψ or Υ depending on the channel. Decays BF in each case is obtained
from PDG [126]:

B(J/ψ → µ+ µ− ) = 5.961 ± 0.033%
B(Z → µ+ µ− ) = 3.3662 ± 0.0066%
B(Z → e+ e− ) = 3.3632 ± 0.0042%
B(Υ(1S) → µ+ µ− ) = 2.48 ± 0.05%
B(Υ(2S) → µ+ µ− ) = 1.93 ± 0.17%
B(Υ(3S) → µ+ µ− ) = 2.18 ± 0.21%

Furthermore, the Higgs and Z-boson cross-sections are taken from
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• σ(pp → H, mH = 125.0 GeV ) = 55.1 pb [2] which includes all production modes and
the uncertainties are given in Tab. 4.14;
• σ(pp → Z, mµµ > 50 Gev) × B(Z → µ+ µ− ) = 1921.8 ± 33.2 pb [12], and
B(Z → µ+ µ− ) = 3.3662 ± 0.0066 % [126].

4.10.1

Statistical Methods: Overview

The Run2 data from the CMS experiment and the simulated signals are passed through
the reconstruction processes explained in Sec. 4.5. The reconstructed data and simulated
signals are modeled. Details of the modeling are summarized in Sec. 4.7. Observed data
are now examined if they agree with the background-only hypothesis, or they are more
consistent with the signal plus background hypothesis. In the latter case, we also determine
the significance of the signal plus background agreement. Otherwise, we proceed with the
upper limit calculation procedure. The best-optimized value of the signal strength parameter
(µ0 ) that represents the data is obtained. In this analysis, all channels fit with the signal
strength parameter to be zero. Hence we follow the procedure to calculate the upper limit.

4.10.2

Upper Limit Calculation

The test statistics q is used to calculate 95 % CLs [130, 102, 42] confidence level statistics
for the exclusion of a signal. This method takes into account the probability to reject the
signal plus background hypothesis and probability to accept background-only hypothesis to
obtain the upper limit as given by Equ. 4.11.
CLs =

Ps+b (q)
Pb (q)

(4.11)

where, Ps+b (q) is a probability of the signal plus background model to produce equal or
greater incompatibility to the data than observed, and Pb (q) is the probability of the
background only model to produce an equal or better agreement to the data than observed.
Here q is the value of the test statistic calculated for a specific value of µ0 being probed.
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Figure 4.14: Sketch of the probability density distribution of the test statistic under the
B (red) and S + B (blue) hypotheses. The observed “q” in case of the upper limit exercise
is shown in green.
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A sketch depicting the distribution of the test statistic under the B (in red) and S + B
(in blue) hypotheses, as well as the relevant probabilities, is shown in Fig. 4.14. The shaded
areas under each curve and delimited by q give the values to calculate CLs.

4.10.3

Impacts of Systematic Uncertainties

The impact of all nuisance parameters (NPs) was also computed after the background fit.
The impact was calculated by fixing the value of one NP at a time and running the fit with
all other parameters free to float, and checking what impact it has on the branching fraction
yields.
The contribution of different sources of uncertainty on the upper limits is calculated using
the Higgs Combination tool [143]. The impact of all systematics listed above is summarized in
the impact plots. We combined the electron and muon channel and calculated the combined
impacts of these systematics for channel H → ZJ/ψ → l+ l− µ+ µ− , which is shown in Fig. 4.15.
The impact plots for the J/ψ pair and Υ pair final states are shown in Fig. 4, and Fig. 5,
respectively. Similarly, the impact plot for the channel Υ(1S)Υ(1S) is shown in Fig. 4.16
and Fig. 7.
The systematic and statistical uncertainties and their impacts are also studied for feeddown channels.

These uncertainties are introduced as the nuisance parameter in the

upper limit calculation. Background in the case of feeddown channels is modeled with
exponential plus uniform function, where the slope of the exponential and fraction between
uniform and exponential are taken from corresponding no feed-down (main) channels. These
parameters along with their uncertainties are introduced as nuisance parameters. Figure 8
and Fig. 6 shows the relative change in upper limit yield due to one sigma change in
the uncertainty (impact plot) for channel H → Zψ(2S) → ZJ/ψ and H → Q0 Q → J/ψJ/ψ
(H → Q0 Q0 → J/ψJ/ψ), respectively.

4.10.4

Method of Data Sample Averaging

The results presented in Table 4.15 use the data from 3 years (2016, 2017, and 2018)
combined. We find that the three luminosity normalized sample yields agree within one
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Figure 4.16: The impacts of the systematic and statistical uncertainties on upper limit
yield of H → Υ(1S)Υ(1S) channel. Statistical uncertainties (column having blue text) include
uncertainties on the slope of the exponential function and background normalization. All
possible systematic uncertainties (column having black text) are described in Sec. 4.9.
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standard deviation statistical uncertainty and the four-lepton invariant mass distributions
are compatible. The background model parameters are common for all three years. The
signal model is obtained from the 2017 simulation, and the change of the parameters in
years 2016 and 2018 is accounted for as systematic uncertainty. The compatibility between
the shapes is demonstrated in Sec. 4.7.3. The EA is calculated as a luminosity weighted
average of all three years’ EA. Between the three years, the relative systematic uncertainties
of all lepton efficiencies agree within 1%.
The two main channel-H → ZJ/ψ and H → J/ψJ/ψ were subjected to an alternative
upper limit calculation: the data sets for the individual years are separate inputs for the
Higgs Combiner Tool with year-specific data-cards (fit and nuisance parameters) and are
then internally combined to obtain the full data set limits. The upper limit in branching
fractions with this method agrees with the previous method’s results within 4%.
The relative change of the upper limit due to the averaging method is included as
systematic uncertainty for the calculation of the final upper limits.

4.10.5

Expected Limit

Before unblinding, the statistical model is tested using an Asimov dataset [73] to model the
background in the signal region. These sets of events are generated by taking the nominal
values of the background model parameters with signal strength explicitly set to zero. This
Asimov dataset then exactly resembles the nominal background prediction. The expected
limit is computed by running the statistical analysis described above with the likelihood fit
performed on the Asimov set instead of the signal region in the data.

4.10.6

Upper Limit in Branching Fraction Calculation

In the ZJ/ψ channel, the upper limit in the branching fraction is obtained with the
combination of 4µ and 2e2µ final states. For the Υ(1S)Υ(1S) channel, in addition of Υ(1S)
state is also considered the product of decay from a higher mass Υ-state. Due to low
branching fractions, this feed-down is relevant only for the single-step (Υ(3S) → Υ(1S) and
Υ(2S) → Υ(1S)) transitions of one Υ(1S) in a pair with the assumption that the Higgs or
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Z boson couple equally to any Υ(nS) state. This results in an overall branching fraction
enhancement factor of 1.33 ± 0.06 with respect to the decay into Υ(1S) pairs without
feeddown.
All combinations of pairings of Υ states decaying directly into muon pairs and
combinations where one state is the result of feeddown from a higher state in a single
step (Υ(3S) → Υ(2S)/Υ(1S) and Υ(2S) → Υ(1S)) are taken into account. This enhances
the upper limit branching fraction by factor of a 5.82 ± 0.24 with respect to the decay into
Υ(1S) pairs without feeddown. However, because in the feeddown channels, not all decay
products are explicitly reconstructed, the boson signal shifted towards the lower four-muon
invariant mass. This effect is accounted for by simulating the events and modifying signal
shapes accordingly.
After the reconstruction cut, the four-lepton spectrum is fitted with a signal and
background model. Figure 4.17 shows the four-lepton invariant mass distribution of the
ZJ/ψ channel, where observed data is fitted over with signal and background. Similarly, fit
of the signal and background in case of J/ψJ/ψ and ΥΥ (Υ(nS)Υ(mS) and Υ(1S)Υ(1S))
channel is shown in Fig. 4.18 and Fig. 4.19, respectively. The signal shown in the figures is
normalized to the observed upper limit in BF.
Finally, the observed and expected exclusion limits are listed in Tab. 4.15 and expected
significance with artificial signal yields are listed in Tab. 4.16.

4.11

Summary

In summary, this analysis presents the search for Higgs boson decays into the Z boson and
a J/ψ meson, with the Z boson decaying into µ+ µ− and e+ e− and J/ψ meson decaying into
µ+ µ− subsequently. The upper limit on branching fraction on H → ZJ/ψ decay channel is
improved by a factor of 1000 compared to the existing upper limits on branching fraction by
the ATLAS collaboration [24]. This analysis also presents the search for the Higgs boson, and
Z boson decays into quarkonium pair channels, with each quarkonium state decaying into
√
µ+ µ− subsequently. Data from pp collisions at s = 13 TeV, amounting to an integrated
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Figure 4.17: Four-lepton invariant mass distributions, (top) for ZJ/ψ → 4µ candidates
and (bottom) for ZJ/ψ → 2e2µ candidates. The result of the maximum likelihood fit is
superimposed (solid blue line). For illustrative purposes, the plots also show simulated
H → ZJ/ψ (dashed red line) and H → Zψ(2S) (dashed green line) signals normalized to
observed upper limit in branching fraction, where ψ(2S) decays into J/ψ.
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Figure 4.18: The four-muon invariant mass distribution of J/ψJ/ψ candidates (error bars
for zero entries are omitted). The result of the maximum likelihood fit is superimposed (solid
blue line). For illustrative purposes, the plots also show the distributions for simulated
Higgs and Z boson signals (dashed red lines). The signals for the Higgs boson decays
H → ψ(2S)J/ψ (dotted green line) and H → ψ(2S)ψ(2S) (dotted black line) are also shown.
All signals are normalized to the observed upper limit in the branching fraction.
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Table 4.15: Exclusion limits at 95% CL for the branching fractions of the H and Z boson
decays. The second column lists the observed limits. The third column shows the median
expected limits with the upper and lower bounds in the expected 68% CL intervals. The last
two columns list observed upper limits for different polarization assumptions as described in
the text.
Process

Observed

Expected

Longitudinal

Longitudinal

−3

B(H → ZJ/ψ)

1.9 × 10

B(H → Zψ(2S))

6.6 × 10−3

B(H → J/ψJ/ψ)

3.8 × 10−4

B(H → ψ(2S)J/ψ)

2.1 × 10−3

B(H → ψ(2S)ψ(2S))

3.0 × 10−3

B(H → Υ(nS)Υ(mS))

3.5 × 10−4

B(H → Υ(1S)Υ(1S))

1.7 × 10−3

(2.6+1.1
−0.7 )
(7.1+2.9
−2.0 )
(4.6+2.0
−0.6 )
(1.4+0.6
−0.4 )
(3.3+1.5
−0.9 )
(3.6+0.1
−0.3 )
(1.7+0.1
−0.1 )

Unpolarized

Transversal

× 10

−3

2.4 × 10

2.8 × 10−3

× 10−3

8.3 × 10−3

9.4 × 10−3

× 10−4

4.7 × 10−4

5.2 × 10−4

× 10−3

2.6 × 10−3

2.9 × 10−3

× 10−3

3.6 × 10−3

4.7 × 10−3

× 10−4

4.3 × 10−4

4.6 × 10−4

× 10−3

2.0 × 10−3

2.2 × 10−3

−3

Z-boson channels
B(Z → J/ψJ/ψ)

10.8 × 10−7

−7
(9.5+3.8
−2.5 ) × 10

13.9 × 10−7

16.0 × 10−7

B(Z → Υ(nS)Υ(mS))

3.9 × 10−7

−7
(4.0+0.3
−0.3 ) × 10

4.9 × 10−7

5.6 × 10−7

B(Z → Υ(1S)Υ(1S))

1.8 × 10−6

−6
(1.8+0.1
−0.0 ) × 10

2.2 × 10−6

2.4 × 10−6
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Table 4.16: Expected Significance for different assumed signal yields.
Yield
Higgs
ZJ/ψ(Mu)
1(0)
3(0.3)
25(2.8)
50(5.3)

(Expected
ZJ/ψ(Ele)
1(0)
3(0.3)
25(2.4)
50(4.7)

Significance
ZJ/ψ(Com)
10(1.5)
20(3.0)
30(4.3)
35(5.0)

112

in σ)
J/ψJ/ψ
1(1.)
3(2.)
5(3.)
10(5.)

Z boson
ΥΥ
J/ψJ/ψ
1 (3.3) 1(0.3)
2 (4.7) 5(1.0)
3 (5.6) 10(2.8)
21(5.0)
-

ΥΥ
1(1.6)
2(2.5)
3(3.2)
7(5.0)

luminosity of 137 fb−1 or 133 fb−1 are used. The expected upper limits at 95% confidence
level on the branching fractions for the Higgs boson and Z boson decays are obtained.

4.12

Outlook

This analysis benchmarks rare decays of the Higgs boson into ZQ or QQ final states for
the HL-LHC. Several improvements are expected due to the increased size of data and
methods. Below several items are discussed and their impact on the upper limit measurement
is estimated and shown in Tab. 4.17.
1. Luminosity
HL-LHC is expected to reach an integrated luminosity of 3000 fb−1 , which is 22 times
the luminosity used in this analysis.
2. Combining several final states
At the time of HL-LHC analysis, it is expected to fully understand the low-pT behavior
of the leptons (muons and electrons). Hence, we can include all 4 lepton final states
(4µ, 2e2µ, 2µ2e, 4e) with electrons after trigger optimization.
3. Increased trigger rate and detector acceptance
Understanding the low-pT behavior of the leptons could be used to modify triggers for
these phase spaces and increase trigger rate by up to 10%. In addition, the current
analysis suffers the efficiency loss due to low pT leptons from J/ψ/Υ, which would
be improved in HL-LHC analysis. The present acceptance of the detector requires a
5 GeV cutoff in the electron pT in the online triggers. Moving this cutoff to 3 GeV will
increase the acceptance by 14%.
4. Recovery of feed-down
In the current analysis higher quarkonium final state branching fractions are obtained
by reconstructing ground state quarkonia, which results in shifted Higgs boson signal
means with widened signal widths wider resolution. We expect to be able to reconstruct
all relevant particles (including the recoil pions) with the help of a new optimized trigger
so full reconstruction is possible and shifts signal back on top of each other.
113

5. Improved background modelling
The significance of the background measurement might increase with improved models.
These improvements are expected with more available data that can impact significant
background model parameter extraction.
6. Combined background knowledge from H → ZZ∗
A similar channel for this analysis is H → ZZ∗ , and is expected to have a contribution
in ZQ final states. A combined fit to the different final states H → ZZ∗ and H → ZQ
is expected to increase the significance of H → ZZ∗ yield.
7. Observables / Categories
In this analysis, we use a maximum likelihood fit with a single observable. With higher
available statistics the fit could be setup for more uncorrelated variables, possibly
increasing the significance. The inclusion of the variable di-lepton invariant mass
at higher statistics might distinguish different background sources where input from
simulations can be used for estimates of shape and expected yield. Furthermore,
the inclusion of a discriminant obtained with machine learning algorithms could be
considered. This is under investigation. Given that the final states analyzed here
display different, but in general low background levels, the possible improvement is
difficult to judge.
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Table 4.17: Possible improvements in the analysis with HL-LHC and the corresponding
estimated gain in the upper limit (in factor) in branching fraction.
HL-LHC analysis
Luminosity
Combining several final states
Increased trigger and detector acceptance
Recovery of feed-down
Improved background modeling
Combined background knowledge from H → ZZ∗
Observable / Categories
Total improvements
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Expected improvement (in factor)
22
1.5
1.3
1.2
1.1
1.1
60

Chapter 5
Conclusion
This thesis presents the search for new physics beyond SM in rare exclusive decays with
√
the CMS detector for pp collisions at a center of mass energy s = 13 TeV. It includes the
detector performance studies for the luminosity detector-PLT detector.
This thesis presents the first search for decays of the Higgs boson into a Z boson
in association with J/ψ or ψ(2S) meson, with their subsequent decay into four leptons,
corresponding to an integrated luminosity of 137 fb−1 . While an observation of such a decay
with this sample would indicate the presence of physics beyond the standard model, no
significant excess is observed. The upper limits at 95% confidence level on the branching
fraction of H → ZJ/ψ (H → Zψ(2S)) is found to be 1.9 × 10−3 (6.6 × 10−3 ), which is a factor
of 826 (4400) higher than the expectation from the SM. Furthermore, this analysis also
benchmarks these rare decays for the HL-LHC experiment. The improvement in the upper
limit on the branching fraction of these decays at the HL-LHC experiment is expected to be
a factor of 60, i.e. upper limit in the case of the H → ZJ/ψ channel is only 14 times higher
than the SM expectation. Many BSM physics predicts new particles and phenomenons,
which may increase the branching fraction of these rare decays. E.g. Ref. [49] predicts
a factor of 7 enhancements in the SM branching fraction in the H → ZJ/ψ channel. The
H → ZJ/ψ channel will be sensitive to the BSM physics increment of an order of magnitude
at the HL-LHC experiment.
This thesis also presents the first search for decays of the Higgs and Z boson to pairs of
J/ψ or Υ(nS) (n=1,2,3) mesons, with their subsequent decay to µ+ µ− pairs. Data from pp
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collisions corresponding to an integrated luminosity of 133 fb−1 are used. No excess has been
observed above a small background in the J/ψ pair and with a vanishingly small background
in the Υ pair channels. The upper limits observed in this analysis at 95% confidence level
on the branching fractions for the Higgs boson decays are in the range from 10−4 to 10−3 .
In addition, SM prediction on the H → ΥΥ channel by the Ref. [46], would be reached at
the HL-LHC experiment. In addition, The upper limits at 95% confidence level on the
branching fractions for the Z boson decays are in the range from 10−7 to 10−6 . With the
small predicted SM branching fractions and little background in four-lepton invariant mass
distribution, these channels would serve as a tool to study BSM physics at the HL-LHC
experiment.
This thesis also presents the study of the performance of the PLT detector using data
collected during 2016. The long-term stability of the detector is monitored by measuring
the position of the beamspot. In each Fill, the reconstructed tracks and the beamspot for
all 16 telescopes of the PLT detector are obtained, which are used to obtain beamspot for
the PLT detector. The measured beamspot for the PLT detector remains within a circle of
300 micrometers for all proton-proton runs.
The CMS collaboration has approved the results presented in this thesis for publication
in the journal. We are targeting the Physics Letters B journal for the rare decay analysis
and the Journal of Instrumentation for the study of PLT detector performance.
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Table 1: The MC simulation used in the analysis for the study of the background from
H → ZZ∗ → 4l and ZZ∗ → 4l channels.
Process
Dataset Name
gg → H → ZZ → 4l /GluGluHToZZTo4L M125 13TeV powheg2 JHUgenV709 pythia8
qq → ZZ → 4l
/ZZTo4L M-1toInf 13TeV powheg pythia8
gg → ZZ → 4µ
/GluGluToContinToZZTo4mu 13TeV MCFM701
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Figure 1: Reconstructed dilepton spectrum from HZZ∗ simulated signal after preselection
for ZJ/ψ → µ+ µ− µ+ µ− (top) and ZJ/ψ → e+ e− µ+ µ− (middle) reconstruction. The four
lepton spectrum from the same channel in four muon and 2 electron and 2 muon final states
are shown in bottom left and bottom right respectively.

135

Figure 2: Reconstructed dimuon (top) and four-muon (bottom) invariant mass spectrum
(top) after preselection and from gg → ZZ ∗ background simualted samples.
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Figure 3: Reconstructed dimuon (top) and four muon (bottom) invariant mass distribution
from qq to ZZ ∗ background simulated samples after preselection.
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Table 2: List of alternate fits of the background and their fitted parameters for the channel
H → ZJ/ψ → µ+ µ− µ+ µ− .
Fit 1
Fit 2

Fit3

Fit4

Fit4

Exp
slope
Uniform + Exp
frac
slope
Exp + Exp
frac
slope1
slope2
Chebychev 2nd order
c0
c1
Chebychev 3rd order
c0
c1
c2

138

L = -247.632
−0.0329 ± 0.00779
L = -249.787
0.730 ± 0.09974
−0.1665 ± 0.076
L = -250.101
0.0252 ± 0.01557
2.138 ± 1.589
−0.03917 ± 0.08491
L = -249.787
−0.482 ± 0.1061
0.25344 ± 0.09214
L = -249.903
−0.4702 ± 0.12458
0.266 ± 0.1045
−0.0476 ± 0.1025

Table 3: List of alternate fits of the background and their fitted parameters for the channel
H → ZJ/ψ → e+ e− µ+ µ− .
Fit 1
Fit 2

Fit3

Fit4

Fit4

Exp
slope
Uniform + Exp
frac
slope
Exp + Exp
frac
slope1
slope2
Chebychev 2nd order
c0
c1
Chebychev 3rd order
c0
c1
c2

139

L = -139.793
−0.020 ± 0.00875
L = -140.572
0.8295 ± 0.1108
−0.1615 ± 0.1235
L = -140.629
0.331 ± 0.6586
−0.1089 ± 0.164
0.01663 ± 0.0662
L = -140.524
−0.2739 ± 0.1257
0.1655 ± 0.1159
L = -140.728
−0.3312 ± 0.1518
0.179 ± 0.116
−0.0794 ± 0.1237

Table 4: List of alternate fits of the background and their fitted parameters for the channel
J/ψJ/ψ → µ+ µ− µ+ µ− .
Fit 1
Fit 2

Fit3

Fit4

Fit5

Exp
slope
Exp +
frac
slope
Exp +
frac
slope
a1
Exp +
frac
slope
a1
a2
Exp +
frac
slope1
slope2

Uniform

Polynomial1

Polynomial2

Exp

140

L = -147.0
−0.0874 ± 0.0064
L = -147.1
0.993 ± 0.016
−0.0896 ± 0.0079
L = -147.1
0.995 ± 0.009
−0.0893 ± 0.0074
0.0148 ± 0.0066
L = -147.1
0.997 ± 0.009
−0.0889 ± 0.0071
9.997 ± 9.236
0.0004 ± 0.0094
L = -147.0
1.000 ± 0.002
−0.0875 ± 0.0065
1.010 ± 8.364
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Figure 4: Plot showing the impact from different uncertainty sources for the J/ψ pair final
state, top for H and bottom for Z-boson.
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Figure 5: Plot showing the impact from different uncertainty sources for the Υ pair final
state, top for H and bottom for Z-boson.
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Figure 6: The impacts of the systematic and statistical uncertainties on upper limit yield of
H → ψ(2S)J/ψ → J/ψJ/ψ → 4µ (top) and H → ψ(2S)ψ(2S) → J/ψJ/ψ → 4µ (bottom)
channel.
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Figure 7: The impacts of the systematic and statistical uncertainties on upper limit yield
of Z → Υ(1S)Υ(1S) channel.
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Figure 8: The impacts of the systematic and statistical uncertainties on upper limit yield
of H → Zψ(2S) → ZJ/ψ → 2l2µ channel.
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